The Feasibility of Detecting Poliovirus I in Water by Radioimmunoassay by Charba, Sheril K.
University of Central Florida 
STARS 
Retrospective Theses and Dissertations 
1979 
The Feasibility of Detecting Poliovirus I in Water by 
Radioimmunoassay 
Sheril K. Charba 
University of Central Florida, drstansberry@mdvip.com 
 Part of the Biology Commons 
Find similar works at: https://stars.library.ucf.edu/rtd 
University of Central Florida Libraries http://library.ucf.edu 
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for 
inclusion in Retrospective Theses and Dissertations by an authorized administrator of STARS. For more information, 
please contact STARS@ucf.edu. 
STARS Citation 
Charba, Sheril K., "The Feasibility of Detecting Poliovirus I in Water by Radioimmunoassay" (1979). 
Retrospective Theses and Dissertations. 404. 
https://stars.library.ucf.edu/rtd/404 
• 
THE FEASIBILITY OF OETECTING POLIOVIRUS I 
IN \lATER BY RADIOn~!uNOASSAY 
BY 
SP.ERIL K. CHARBA 
B.S., University of Central Florida, 1972 
THESIS 
Submitted 1n partial fulfillment of the requirements for the 
degree of l-taster of Science: Biological Sciences 
in the Graduate Studies Program of the College of Natural Sciences 
of the University of Central Florida 
Orlando, Flor ida 
1979 
ABSTRACT 
A microtiter, solid-phase~ indirect radioimmunoassay (RIA) has 
been developed and evaluated as a method for detecting poliovirus i n 
water samples. 
Antiserum to poliovirus Type I . LSc2ab, was prepared in rabbits, 
and high titer, high avidity antiserum to rabbit globulins were radio-
125 actively labeled with I by a modification of the Bolton-Hunter and 
chloramine T methods to increasing specific activites . The immunoreac-
tivity of the labeled antibodies was assessed . 
After the preparation and standardization of all components of the 
assay. the optimum assay conditions were determined. These conditions 
included the method of coating the microtiter wells with antigen, the 
time and temperature of incubation of each antiserum, the dilution of 
each antiserum, and means of reducing non-specific binding. 
The RIA was conducted with varying numbers of viral plaque forming 
units . In replicate experiments, average binding ratios of 784% were 
obtained when different numbers of virus were first reacted with anti-
serum. This technique shows increased sensitivity over the direct 
method. 
These results indicate that the use of RIA to detect viruses in 
water is indeed feasible. 
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The presence of viruses in water. Viruses have been isolated from 
all phases of the natural water environment including rivers and other 
waters receiving treated effluents (1, 46, 64), marine and estuarine 
waters (3, 49 , 80, 100), wells used to supply drinking water (72, 98), 
lakes used for recreational purposes (1, 13), shellfish and areas of 
shellfish culture (4, 41, 73), and from the ground near wastewater 
spray irrigation proj ects (103, 117). 
The viral population of waters, for the most part, consists of 
those viruses which are excreted in the urine and feces of man (37). 
At least 114 serotypes have been isolated from water (Table 1). 
Often viruses are present at high concentrations, but their num-
bers vary in domestic sewage. Although sewage treatment is often 
effective in removing viruses, some can survive and are discharged into 
recreational waterways and drinking water supplies (75). 
Contamination of waters with viruses from animals other than man 
probably occurs as well, but this has not been investigated extensive-
ly . Quantitative studies of such contamination have not been reported . 
In urban communities, fecal contamination of stormwater runoff results 
from the fecal material deposited by dogs, cats and rodents (39) . 
Furthermore, in one study, human enteric viruses were found in the 
feces of 10% of all dogs tested (70). Pets and other animals may be a 
reservoir of human enteric viruses . 
• 
Table 1 . Human enteric viruses found in water . 
Virus 
Poliovirus 







(From Clarke , 1974). 










The numbers of enteric viruses in water. There is a wide range 
in the numbers of viruses reported to be present in raw sewage and var-
iou s waters. Viruses are not a part of the normal intestinal flora as 
are enteric bacteria. They are excreted by infected individuals or 
people who have recently been immunized. This sporadic incidence re-
sults in wide fluctuations in the numbers and kinds of viruses present 
in raw sewage. The socioeconomic level of the area producing the 
wastewater is a factor that influences the number and kinds of viruses 
in raw sewage . Higher numbers of viruses are present in the raw sewage 
of lower socioeconomic groups (99). 
The density of viruses isolated from raw sewage ranges from 2 -
56,000 plaque forming units (pfu) per liter with an average in the 
United States of 1000 - 5000 pfu/L (60). This average is conservative 
since detection of enteric viruses is not an efficient process. 
Viruses cannot replicate outside of living cells. Their numbers are 
reduced by sewage treatment, natural inactivation, dilution, and water 
treatment (98). The numbers of enteric viruses routinely found in 
waters of various qualities are shown in Table 2. 
The public health significance of viruses in water. The public 
health significance of the presence of viruses in water is not certain. 
It is known that the enteric viruses which have been recovered from 
waters can cause a wide variety of clinical manifestations including 
gastrOintestinal infections, jaundice, aseptic meningitis, paralytic 
diseases, pleurodynia, and myocarditis. There have been a number of 
documented waterborne outbreaks of viral disease including hepatitis, 
poliomyelitis, and conjunctivitis (106, 115). The true epidemiology of 
• 
Table 2. The numbers of enter ic viruses routinely 
found in various waters. 
\later quality 
Secondary effluent 
Chlorinated secondary effluent 
Surface water 
Drinking water 







the transmission of viruses by water is difficult to ascertain . If a 
virus infection has a short and uniform incubation period and produces 
a characteristic and easily recognizable disease. then an outbreak of 
the disease due to Hater transmission can be determined with accuracy. 
However. many viruses produce clinically observable illness in only a 
small percentage of those infected, while other viruses have widely 
variable incubation periods. If an individual became infected by con-
tact with a waterborne virus, it is reasonable to assume that the 
viral progeny could then be spread to others by direct human contact. 
Thus, many people could be affected . but it would not be recognized 
that viral transmission by water was responsible for the original in-
cident and water would not be implicated in any epidemiological survey. 
The probability is high that water is a very important factor in 
the spread of viral diseases. The number of viruses present in water 
may seem low when compared to the number of enteric bacteria present; 
however, it has been shown that a single infectious viral particle is 
sufficient to produce infection in a susceptible host (88). Since the 
portals of infection by viral agents are oral , nasopharyngeal, exposed 
mucosal surfaces, especially the eye , and fresh wounds and abrasions , 
it is apparent that water is a potential vehicle for virus disease 
transmission when used for drinking, washing and recreational purposes, 
as well as being a source of contamination of shellfish and effluent-
irrigated vegetables. Also, viruses can be dispersed by aerosols near 
turbulent waters (28). 
The public health significance of animal-associated viruses in 
water is another unknown consideration. Generally, viruses are host 
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specific, but they may transcend taxonomic levels . Agents which are 
responsible for slow viral diseases are highly stable . It is possible 
that water may playa role in their transmission . 
The survival of viruses in water. Viruses can survive primary 
and secondary sewage treatment, holding ponds, land spreading, and 
water treatments such as chlorination and ozonation (75, 77, 101). 
Viruses have been isolated from water supplies after chlorination. 
Some enteric viruses are more resistant to wastewater and water treat-
ment procedures than enteric bacteria. They are stable over a wider 
range of environmental conditions than enteric bacteria or other 
viruses . Virus survival in waters is influenced by temperature , pH, 
salinity, ultraviolet irradiation, chemical agents, adsorption and 
aggregation, and the microbial population of the water (24). 
The processes responsible for rendering water free from infectious 
viruses can be categorized as those causing actual physical removal of 
the viruses and those causing inactivation of the viruses' infectious 
properties (Table 3) . 
Waters containing viruses are usually treated by a combination of 
these processes. Although each process is capable of removing viruses, 
variability in the efficiency of virus removal is dependent on the 
water and the virus. and complete removal of viruses cannot be guaran-
teed. While virus survival times do vary widely depending on many 
factors, numerous studies have shown that viruses can remain infectious 
for days to months in different waters and sediments (1, 75, 85. 100) . 
The phenomena of viral aggregation and adsorption of virus par-
ticles to solids are important factors in the persistence of viruses 
• 
Table 3. Water and wastewater processes 
~hich remove viruses. 
Reference 
Physical separation processes: 
Sedimentation 40 
Coagulation and precipitation 42 
Sand filtration 94 













in the environment (23, 81, 116). Vir us removal from water by sedi-
mentation and activated sludge treatment is not only due to settling, 
but also to adsorption to soil particles and other solids which aids 
in their settling. The adsorption of viruses to solids protects them 
from inactivation. This is probably due to a combination of factors 
such as stabilization of charges on the virus particle , physical trap-
ping in crevices, and neutralization of the toxic effects of inactiva-
ting chemicals. Thus, viruses may remain infective for indefinite 
periods of time in various marine, estuarine, and fresh water sediments 
and in sludges used for land-spreading. 
Viral aggregation is one of the reasons that the kinetics of 
physical and chemical inactivation often deviates from first order (36) . 
Due to such mechanisms as multiplicity reactivation, recombination, and 
complementation, a viral aggregate may be infectious even when all 
virus particles present have reacted . An example of this phenomenon 
occurred when dispersed echovirus was chlorinated with loss of infec-
tivity, but when the echovirus was aggregated, infectivity was restored 
to nearly the original value (123). 
Thus, the complete removal or inactivation of all viruses from 
water cannot be assumed even after various water treatment processes . 
Indicators of the presence of viruses in water. Bacteria are not 
suitable indicators of a water ' s quality with respect to viral contam-
ination since viruses are more resistant to inactivation than bacteria 
and since a consistent ratio between numbers of bacteria and numbers 
of viruses does not exist. Some waters which are free of coliforms 
contain relativ~ly large numbers of enteric viruses (41). Both polio-
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virus and coliphage (63) have been proposed as indicators of viral 
contamination. Most coliphages are less resistant to inactivation than 
are poliovirus. The attenuated vaccine strain of poliovirus is the 
better choice since it is found in relatively high frequencies in con-
taminated waters and grows well in suitable cell cultures. However, 
there is great variability in the numbers of poliovirus in waters and 
poliovirus does not always comprise the majority of the viral popula-
tion of a water. Use of a single indicator for viral monitoring of 
water may not be as feasible or as reliable as is the use of Escheri-
chia coli for bacterial monitoring of waters. 
~lethods currently in use for the detection of viruses in water. 
The method routinely used for detecting virus in water is the plaque 
assay method whereby a sample is inoculated into suitable cell cultures 
and they are observed for some cytopathic effect. To a lesser extent, 
animal hosts are used, particularly suckling mice. A procedure has 
been described for the direct inoculation of heavily contaminated sam-
ples into cell cultures (15). However, this is not applicable to most 
samples. 
Viruses are present in most waters in such low numbers that ex-
tensive concentration procedures must first be employed to reduce the 
sample to a volume that can be adequately assayed. Many procedures 
have been developed for this purpose with varying degrees of success 
(33, 50). All of the methods are based on protein concentration tech-
niques since viruses have an outer protein coat. The behavior of 
viruses is therefore similar to that of proteins. They possess a net 
charge which is a function of pH, ionic strength, and ionic composi-
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tion, and which can therefore be manipulated. The major types of con-
centration procedures are listed in Table 4. 
Filter adsorption-elution procedures are the most widely used and 
one is being evaluated as a tentative Standard Method (2). These 
methods are based on the tendency of viruses to reversibly adsorb to 
various surfaces due to charge interactions (79). Large volumes of 
water can be concentrated this way. Generally, the water sample is 
first acidified and a polyvalent cation is added to increase viral ad-
sorption to the filter. The adsorbed viruses are then eluted with a 
greatly reduced volume of an alkaline, proteinaceous eluant . A major 
problem with these methods is that the filters are easily clogged. 
Various clarification pre-filtrations are often done to eliminate this 
clogging, but this may remove large numbers of viruses adsorbed to sus-
pended solids. Also, organic matter can coat the filter, competing 
with viruses for binding sites. 
Depending on the sample, filter, eluant, and other variables, re-
coveries of seeded virus reported in the literature range from 0.5% to 
92% with concentration factors ranging from 10 - 500-fold. A portable 
virus concentrator has been developed for sampling large volumes in the 
field (112). 
Various materials other than filters have been used to either ad-
sorb or precipitate viruses. Viruses are then recovered either by 
elution, dissolution, or direct inoculation . 
Polyvalent cation salts such as aluminum hydroxide, aluminum phos-
phate, calcium phosphate, lime, ferric hydroxide, and protamine sulfate 
have been used for precipitation. Recovery efficiencies reported range 
• 
Table 4. Methods for concentrating viruses in water. 
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Polyvalent cation salts 
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from 25 - 135% with concentrations of 300 - lODO-fold. Results with 
this method are variable . Also, not all virus types precipitate equal-
ly under the same conditions. and some don ' t precipitate at all . 
The major insoluble polyelectrolyte which has been used for ad -
sorption of virus is PE60 (Monsanto) . Recovery efficiencies reported 
range from 5 - 95% with large concentration values of 100 - 100,000-
fold. However, t here are several di fficulties with polyelectrol ytes 
such as wide variations in chemical characteristics from lot t o lot a nd 
poor adsorption of viruses due to minor deviations from optimum pH. 
Minerals which have been used for adsorbing viruses include ben-
tonite, talcum powder, and magnetic iron oxide . Recovery efficiencies 
range from 35 - 94% and concentration factors range from S - 100-fold 
(84) . Generally, precipitation- adsorption methods work best with small 
volumes of relatively clean waters and in combination with other 
methods. 
Polymer two- phase separation has been used to concentrate viruses . 
Viruses and other macromolecules can be partitioned between the t wo 
immiscible aqueous phases that are produced when two organic polymer s 
are dissolved in water . Considerable concentration can be achieved if 
the volume of the virus- containing phase is made small in relation to 
the original volume. Recovery efficiencies reported range from 25 -
150% with 40 - SSO-fold concentration of the original sample volume. 
Wide variations in efficiencies of replicate samples have been noted 
and certain polymers can inhibit the infectious process of viruses when 
placed in cell cultures. In general, this method is only applicable to 
volumes of water under 10 L (99) . 
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Other methods such as ultrafiltration, hydroextraction, reverse 
osmosis, centrifugation, and affinity chromatography have been used for 
viral concentration alone or in combination with other methods. These 
techniques are generally too costly or can be used only for small, 
clean samples. 
Regardless of the concentration procedure used, the sample must 
eventually be applied to a suitable cell culture system and infectious 
virus detected by the plaque assay or manifestation of some other cyto-
pathic effect. It is this stage of viral assays that is the most cost-
ly and time-consuming . No single type of cell can support the replica-
tion of all the viruses found in waters. No cell type has been dis-
covered in which the hepatitis agent can grow. Ideally, many cell 
types should be used to optimize detection of the different viruses 
present in water. This is not feasible for most laboratories. In ad-
dition, cells must be observed for a period of up to 14 days for the 
appearance of plaques, since some viruses replicate slowly . Another 
5 - 10 days are required for serological identification via neutrali-
zation of the viruses isolated. 
Viral adsorption and aggregation cause problems in viral assays. 
Viruses adsorbed to suspended solids may be removed by the concentra-
tion procedure and may not be detected. The infectivity of solids-
associated viruses may be altered (95). It is likely that the number 
of plaque forming units detected from water may be due to viral aggre-
gates and not to a single infectious particle (35) . Current methods 
of concentrating and assaying waters for viruses approximate the num-
ber of different kinds of viruses that are present, but probably 
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grossly underestimate the correct number. 
Recently, other methods besides the plaque assay have been devel-
oped for detecting viruses, for example, fluorescent antibody tech-
niques (57) and enzyme-linked immunoassay (ELISA) (14). Their use 
demands that standard concentration procedures be used and in the case 
of the fluorescent antibody technique, cell line cultures must still 
be maintained . A reduction in the time required for detection is the 
major advantage (58), but these methods have not been suff i Ciently 
developed to assure the quantitation or reproducibility necessary for 
widespread application. 
It is apparent that current methods of viral concentration and 
detection are inadequate, unreliable, and time- consuming . The need 
for monitoring water and wastewater for viruses is increasing with the 
current emphasis on water renovation and reuse. The demand for potable 
water will continue to escalate while a deterioration in the quality of 
water resources due to pollution is inevitable. Thus, standardized 
detection methodology for the recovery of small numbers of viruses from 
large volumes of waters of various qualities will become a critical 
need of the future. 
The use of radioimmunoassay for detection of viruses in water. 
Radioimmunoassays (RIA) are rapid, sensitive, specific. and reproduci-
ble techniques which are rapidly replacing the more cumbersome , time-
consuming and less specific methods for the determination of various 
biologically active substances in unfractionated mixtures . They are 
based on the reaction between homologous antigen and antibody, one of 
which is radioactively labeled . Early RIA's were competitive b i nding 
lS 
assays in which a known amount of radioactively labeled antigen com-
petes with an unkno\Yn quantity of antigen in the sample for a limited 
number of binding sites on homologous antibody (122). The decrease 
in binding of labeled antigen is indicative of the amount of unknown 
antigen present. In these competitive assays, the bound labeled anti-
gen must be separated from the labeled antigen that is not bound and 
various techniques have been used for this purpose including precipi-
tation, electrophoresis. chromatography, and adsorption to charcoal 
(23). Non-competitive assays, developed in 1966, are those in which 
antigen or antibody is coupled to an insoluble matrix (119) . Separa-
tion of bound label from free label is made much easier with the use 
of an insoluble matrix. In 1967, the use of polypropylene tubes as a 
solid phase for the adsorption of antigen was introduced (17). In such 
assays, antigen is usually adsorbed to the tube surface and radioac-
tively labeled antibody then added. Unbound antibody is removed by 
rinsing the tubes. Indirect solid-phase assays are those in which the 
antigen is adsorbed to the surface, antibody added, and then a radio-
actively labeled second antibody directed against the first antibody 
added. Indirect assays have the advantages of being approximately 60 
times more sensitive than direct assays (91) as well as the necessity 
of labeling only a single antibody to detect a number of different 
antigens. 
Although RIAts have been developed for the detection of the hepa-
titis antigen in various fluids including sewage (43) and water (109), 
RIA has been neglected by most investigators in the field as a poten-
tial method of detection of all waterborne viruses. However, the feas -
16 
ibility of this application can be supported in t heory by mathematical 
calculations based on the following assumptions: 
1) Several viral particles are present for each plaque forming 
unit. Depending on the virus, there are many non-infectious particles 
as evidenced by electron microscopy for each infectious particle. For 
poliovirus, it is estimated that there are from 40 to 106 viral parti-
cles for each infectious unit (97) . 
2) Each viral particle will bind anywhere from 32 - 4000 antibody 
molecules (34). 
3) In an indirect RIA, each anti- viral antibody will be bound 
by several anti-globulin antibodies (91) . 
4) Several radioactive atoms can be bound to a single antibody 
molecule. Usually it is not necessary to label with a ratio greater 
than one radioactive atom per antibody molecule . However~ increased 
sensitivitiy can be achieved by increased labeling ratios and ratios 
as high as 140 :1 have been reported with minimal loss of immunoreactiv-
ity (62) . 
Based on these assumptions, it can be cal cul ated that a single 
infectious viral particle would be detectable by an indirect RIA 
(Appendix Ill) . In addition, because of t his sensitivity , smaller vol-
urnes of water could be assayed for virus, entailing less extensive con-
centration procedures than are now required . 
The use of RIA for viral detection would be a solution to many of 
the major problems now encountered with viral assays . TIle cost would 
be greatly reduced , less equipment needed, and the time for viral de-
tection and identification would be minimized. The time factor may be 
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the most critical since the main reason for monitoring waters for 
viruses is to protect the population from health hazards. It is there-
fore essential that the quality of water be known before it r eaches the 
Consumer . But with current methods, days to weeks are required before 
viruses are detected . 
The objective of this research was to develop a radioimmunoassay 
with the potential to detect poliovirus in waters. Poliovirus was 
chosen as a representative enterovirus present in most waters. After 
a successful radioimmunoassay is developed for this virus , the assay 
could be modified to include detection of other viruses as well. The 
development of the assay entailed production of the antisera involved ; 
r adioiodination of antibodies; standardization of reagents; and deter-
mination of optimum reaction conditions . 
• 
MATERIALS AND METHODS 
Preparation of antigen. Poliovirus Type I strain LSc2ab (PVI) 
was obtained from the Virus Exanthems Unit, Center for Disease Control, 
Atlanta, Georgia. Stock virus was grown in 946 ml, flat - sided bottles 
("Sa01-g1as", Brockway Co.) containing mono layers of Buffalo Green 
Monkey Kidney (BG~~) cells . Growth medium consisted of Eagle ' s mini-
mal essential medium (MEM) with Earle ' s balanced salt solution, suppl e-
mented with 10% fetal bovine serum (FBS) (Gibeo), and antibiotics 
(50 units penicillin G per mi, 50 ug streptomycin per mI, 50 mg neo-
myein per ml, 25 ug mycostatin per mI, and 3 mg amphotericin B per ml) . 
Virus was harvested when 75 - 100% of the cells showed cytopathic 
effect cePE) . Harvesting of the virus was accomplished by three suc-
cessive freezing and thawing cycles of the cells . The lysate obtained 
was centrifuged at 1000 x g for 15 min t o remove cell debris, and the 
supernate , which served as the source of viral antigen , was collected ~ 
o pooled, titered and frozen at -18 C. Titration of the virus stock was 
6 done by plaque assay (30) on BGMK monolayers containing 7 . 6 x 10 cells 
2 per 25 cm T-flask (Falcon Plastics). Aliquots of the pooled supernate 
were diluted in phosphate buffered saline (PBS) ~ pH 7.4, and flasks 
4 - 9 were inoculated with 0 . 5 ml of dilutions 10- through 10 of virus 
stock. The virus was allowed to adsorb for 2 h at 37 0 C in a humidified 
CO2 incubator. After adsorption , the monolayers were washed with PBS 
and an agar overlay was added (Appendix I) . The flasks were incubated 
at 37°C . After 24 h , a second agar overlay containing neutral red was 
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added (Appendix II) and the flasks were incubated at 37°C for 24 h 
after which time the number of plaques at each dilution was counted. 
The PVI titer was determined. 
Preparation of anti-poliovirus antibodies. Anti- poliovirus anti-
serum was prepared in rabbits by the method of Levinson et al. (66). 
Five New Zealand white rabbits were immunized with tissue culture ly-
sate conta~ning Poliovirus Type I strain LSc2ab. The rabbits were 
bled prior to immunization to determine the presence of any pre-exist-
ing antibodies to poliovirus, and then were immunized according to the 
following protocol: 5.0 ml tissue culture fluid containing 2.8 x 105 
pfu were injected intramuscularly (1M) and 5 . 0 ml injected intraven-
ously (IV) on day 1 followed by 5.0 ml injected IH on days 4, 8, 11, 
15. 18, and 22 . The rabbits were boosted monthly thereafter with 5.0 
ml of tissue culture fluid IM, and were bled prior to boosting in order 
to determine anti-poliovirus antibody titers by viral neutralization 
assays. Bleeding and collection of serum was done as described in 
Methods in Immunology and Immunochemistry (120). Rabbits were bled 
from a marginal ear vein into a sterile glass tube. The blood was 
allowed to clot at room temperature after which the clot was further 
Contracted by incubation at 40 e for 2 h . The serum was separated from 
the clot by centrifugation at 800 x g for 15 min. Serum was pooled 
and adsorbed with an equal volume of spent tissue culture fluid con-
o 
taining no virus for 1 h at 37 e to remOve any antibodies to tissue 
culture fluid components. It was then frozen at _18°e until use. 
Titration of anti-poliovirus antiserum. The developing titer of 
the anti-poliovirus antibodies was followed by microtiter neutraliza-
20 
tion assays according to the Center for Disease Control protocol 
(110). Hicrotiter "U" plates (Cooke Engineering Co., Alexandria, Vir-
gioia) were cleaned and sterilized by soaking in 70% ethanol for 2 h. 
rinsed 3 times in tap water and 3 times in distilled water, air dried, 
and exposed to ultraviolet irradiation (Sylvania Germicidal bulb, 
#C30T8; 2.S watts, 12 h exposure, 10 em distance). 
The reagents necessary to perform the neutralization were prepared 
as follows: 1) A suspension of BGMK cells was prepared by trypsiniza-
tion of monolayers with 10 - 12 ml of 0.25% (W/V) trypsin (1:250, 
o Difco) in PBS, pH 7.6, for 10 min at 37 C. The fluid containing the 
sloughed cells was centrifuged at 1000 x g for 10 min to remove the 
trypsin. The packed cells were resuspended in Eagle's MEt-! with anti-
biotics and 10% fetal bovine serum (FBS) to a concentration of 1 . 5 x 
5 10 cells per mI. 2) A dilution of the viral antigen. PVI. was pre-
pared in Eagle's HEM to contain 100 TCD50 per 25 ul. 3) The rabbit 
anti-poliovirus serum to be titered was initially diluted 1 :10 in 
Eagle's MEM, as were a known positive control serum (monkey antiserum 
to PVI LSc2ab, obtained from the National Institute of Allergy and 
Infectious Diseases, Research Reference Serum HV-OOl-51l-560) ; a known 
negative control serum (serum from an un immunized rabbit), and a cross-
reacting control serum (rabbit antiserum to PVI Leon, NIAID Research 
Reference Serum flv-003-501-560). All sera were inactivated at 560 C 
for 30 min before use. 
The neutralization procedure was performed as described in Figure 
1. After incubac10n for 6 days, the monolayers formed on the well sur-
face were examined for CPE with an inverted phase contrast microscope 
Figure 1. Protocol for neutralization assay. Twenty-five ul of 
Eagle's MEN was added to the serum test and serum control 
wells except for the first well in each row, and to the 
virus back-titration wells . Fifty ul of each of the in-
activated sera were dispensed into the first well of the 
appropriate serum test and control wells . Serial two-fold 
dilutions of each of the sera were made in the wells with a 
25 ul microdiluter (Cooke Engineering Co.) through 1:1280. 
Twenty-five microliters of the poliovirus suspension (con-
taining 100 TCD
SO
) were added to each of the serum test wells. 
The remain!yg v~r~~ suspension containing 100 TCDSO was 
diluted 10 - 10 in MEM. Twenty-five ul of eaen of these 
dilutions was added to the appropriate viral back- titration 
wells. Twenty-five ul of MEM was added to the serum control 
wells, 75 ul of MEM was added to the medium control wells, 
and 50 ul of MEM was added to the cell control wells . The 
o plate was sealed and incubated at 37 C for 2 h to allow the 
antibodies present to react with the poliovirus . After the 
incubation period, 25 ul of the BGMK cell suspension was 
added to all wells except the medium control wells. The 
plates were covered and incubated at 37°C for 6 days . 
• 
• 
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0000000 
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Figure 1 (continued). Protocol for neutralization assay. 
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and the antiserum neutralization titer derermined. 
Preparation of anti-rabbit serum antibodies. Antiserum against 
whole rabbit serum was produced in a horse by inoculating intramuscu-
larly with 1.0 ml whole rabbit (New Zealand white) serum without ad-
juvant at biweekly intervals over a period of 9 months. The horse was 
bled from the jugular vein prior to each immunization, and the serum 
obtained as previously described . The anti-rabbit serum antibody titer 
was determined by gel precipitation. After 9 months of immunization, 
the horse was bled for the final time . Five hundred ml of serum was 
o obtained, dispensed in 2 ml aliquots, and frozen at -18 C. 
Titration of anti-rabbit serum antibodies . The developing titer 
of anti-rabbit serum antibodies was assessed by radial immunodiffusion 
(RID) and double gel diffusion precipitation techniques. For the sin-
gle (RID) diffusion tests, a 1 . 0% (W/V) Noble agar (Difco) solution was 
prepared in 0.03 M phosphate buffer, pH 8 . 0, containing 0 . 6% (W/V) 
sodium azide . After cooling to 47°C, the antigen (whole rabbit serum) 
was diluted with molten agar to a concentration of 1% (V/V) . The 
diluted antigen was pipetted onto precoated 3" x 1" glass slides (3.5 
o ml agar per slide) and cooled at 4 C. After solidification, circular 
wells, 2 mm in diameter, were cut in a linear arrangement in the agar 
(6 per slide) with a gel punch (Gelman Instrument Co., Ann Arbor, 
Michigan). Serial two-fold dilutions of the horse antiserum were pre-
pared in 0.03 M phosphate buffer, pH 8 .0, and wells were filled with 
the antiserum dilutions . The slides were incubated in a water satura-
o ted atmosphere at 4 C for 24 h . 
For double diffusion tests, Noble agar was prepared as described 
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above but without antigen . Precoated slides were layered with the 
agar. After solidification, a central well with 6 surrounding wells 
were cut (all 2 mm in diameter). Antigen (undiluted whole rabbit ser-
urn) was added to each center well . Following diffusion of t he antigen 
in a humidified atmosphere at 4°C for 12 h , serial two- fold dilutions 
of the horse antiserum were made in 0.03 M phosphate buffer, pH B.O , 
and the surrounding wells were filled with the antiserum dilutions . 
o The slides were incubated in a humidified atmosphere at 4 C for 12 h. 
All titrations were done in duplicate . 
In both the RIA and double diffusion tests , the slides were 
stained after incubation in order to facilitate visualization of the 
precipitin bands. The staining procedure was as follows : the agar 
slides were rinsed gently in distilled water . A strip of wet , What-
man #1 filter paper was overlayed onto the agar and t he slides placed 
o 
in a 37 C incubator overnight until dry. (Capillary action causes the 
excess protein and salts to migrate into the filter paper). After 
drying, the paper was removed, the slides immersed in 0 . 03 M phosphate 
buffer, pH 8.0 , and washed for 4 - 5 h. The buffer was replaced twice 
during this period. After rinsing 10 min in distilled water, the 
slides were immersed in 0.3% (w/v) thiazine red staining solution (in 
1% V/V acetic acid) and stained for 10 min. After the slides wer e de-
colorized twice by immersion in 1% (V/V) acetic acid for 20 min, they 
were immersed in a 1% (V/V) acetic acid - 1% (V/V) glycerol solution 
for 10 min. The slides were dried and examined for precipitin bands . 
Fractionation of the antisera. The globulin fractions of the 
anti-poliovirus antiserum and the horse anti-rabbit antiserum 
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were precipitated by ammonium sulfate and desalted by gel chromato-
graphy (16). Saturated ammonium sulfate, pH 7.2, was added dropwise, 
with constant stirring at room temperature to 20 ml batches of serum 
until a final ammonium sulfate concentration of 40% saturation was 
reached. The mixture was stirred for 30 min at room temperature . The 
precipitated globulin fraction was recovered by centrifugation at 1000 
x g for 30 min at 20ce . The precipitate was washed in 1 volume of 40% 
(of saturation) ammonium sulfate and recentrifuged as described above . 
The washed precipitate was diluted to its original volume with 0 . 01 M 
PBS, pH 7 . 2 . 
A Sephadex G-25 (Pharmacia Fine Chemicals. Piscataway . New Jersey) 
column was used to desalt the globulins. The column was prepared accor-
ding to the following parameters: bed dimensions of 18 x 2 . 5 cm; a 
flow rate of 1.0 ml/min; eluant was either 0 . 01 M phosphate buffered 
saline, pH 7.2 (for rabbit globulins and horse globulins to be labeled 
by the chloramine T method) or 0 . 1 M borate buffer, pH 8 . 2 (for horse 
globulins to be labeled by the Bolton-Hunter method). The sample was 
placed on the bed and then eluted with the appropriate buffer . Elution 
of the protein peak was monitored by measuring absorbance at 280 nm on 
a double-beam spectrophotometer (Perkin-Elmer , #Cl24) and the protein 
peak was collected in 1 . 0 ml fractions which were later pooled for pro-
tein concentration determination. Elution of the salt peak was moni-
tored with ammonia color reagent (iodide of mercury and potassium, Sig-
ma Chemical Co.) . The desalted globulins were frozen in 1 . 0 ml aliquots 
until further use . 
Determination of protein concentration of horse anti- rabbit serum 
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globulins. The protein concentration of the globulins obtained from 
fractionation of horse immune serum was determined by the method of 
Bradford (Bio-Rad Laboratories, Richmond, California) (9). The dye 
reagent (Coomassie Brilliant Blue G- 250) was diluted 1 : 5 (V/V) with 
distilled water and filtered through Whatman #1 filter paper prior to 
use. A standard curve was generated using serial dilutions of the pro-
tein standard (bovine gamma globulin) containing 0.2 through 1.4 mg 
protein/mI. Dilutions of the standards and the globulin fraction being 
assayed were made in 0.01 M PBS, pH 7 . 2. To 0.1 ml of each of the 
standard and unknown dilutions was added 5 . 0 ml of the prepared dye re-
agent . The tubes were mixed and after 10 min, the absorbance of each 
was measured at 595 nm versus a reagent blank. 
Determination of the equivalence ratio of rabbit serum and horse 
anti-rabbit serum antiserum . The ratio at which maximum binding 
occurred between horse anti- rabbit serum antiserum with its antigen , 
whole rabbit serum, was determined by spectrophotometric analysis of 
the precipitation reaction between the an t igen- antibody pair (120) . 
The absorption spectrum of the antigen and antiserum solutions was de-
termined by the following procedure : whole rabbit serum antigen solu-
tion was diluted 1 : 200 (for wavelengths in the visible range) and 1 : 
1600 (for wavelengths in the ultraviolet). Thr fractionated horse 
globulins were used undiluted (for visible wavelengths) and diluted 1:3 
(for ultraviolet wavelengths). All dilutions were made in 0.01 M 
phosphate buffer, pH 7.5 . The absorption of each solution was deter-
mined at 180 om through 570 nm (in increments of 10 nm) on a double 
beam spectrophotometer (Perkin-Elmer), and the absorption spectra were 
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plotted. The ultraviolet and visible wavelengths at which minimum ab-
sorbance of each solution was observed was used for the determination 
of the equivalence point. 
The equivalence ratio was determined by reacting a constant amount 
of a dilution of antiserum with an equal volume of various dilutions 
of antigen. All dilutions of antiserum were made in 0.01 M PBS , pH 7.2. 
The horse antiserum was diluted 1:3000. One and a half ml of horse 
antiserum was reacted with 1.5 ml of each of the following dilutions of 
whole rabbit serum: 1:20 , 1:40, 1 : 50, 1 : 80, 1 :100, 1:160, 1:200, 1 : 320, 
1 :400, 1:640, and 1:800. The mixtures were incubated at 37°C for 1 h 
o and then at 4 C for 2 days. Immediately after mixing , and again after 
each incubation , the absorbance of each tube was read at 340 nrn and 500 
nm in a double beam spectrophotometer (Perkin-Elmer). The difference 
between the absorbance of each at 0 time and the absorbance after incu-
bation was plotted and the equivalence point determined . 
This procedure was also used after radioactive labeling of the 
antiserum to determine whether there was a loss of immunoreactivity. 
Labeling of the horse anti-rabbit serum globulins- -Bolton- Hunter 
method. Bolton-Hunter reagent (N-succinimidyl 3-(4- hydroxy 5_1251_ 
iodopbenyl) propionate; New England Nuclear, Boston, }~ssachusetts; 
specific activity 1500 Ci/mM) was used to radioactively label horse 
anti- rabbit serum globulins . Various modifications of the method 
described by Bolton and Hunter (8) were attempted. Typically, 10 - 100 
ul of the reagent dissolved in benzene (containing 5 - 90 uei) were 
placed in the bottom of a small conical tube and the benzene solvent 
evaporated under a stream of nitrogen. The protein to be labeled (9 -
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950 ug) was dis solved in 0 . 1 H borate buffer , pH 8.2, and 10 - 100 ul 
of the protein solution was added to the dried Bolton-Hunter reagent. 
o The reaction was allowed to proceed at 0 C for 0.5 - 2.S h with ccn-
stant agitation. After the appropriate reaction time, 0.9 ml of 0 . 2 M 
glycine in borate buffer was added to the reaction mixture and stirred 
for 10 min. The reaction volume was then brought up to 2 . 0 ml by the 
addition of 0 . 05 M phosphate buffer, pH 7.5, containing 0.25% (W/V) 
gelatin. The total activity of the reaction mixture was determined by 
counting the sum peak and photo peak (48) (Appendix IV) of an aliquot 
in an automated gamma counter (Picker, PACE- I) . 
Gel chromatography was used to separate the labeled protein from 
small molecular weight radioiodinated products and unreacted reagent (6, 
8). A Sephadex G-25 column (Pharmacia), 1 em x 12 em, was prepared and 
equilibrated with 0.05 M phosphate buffer, pH 7.4, containing 0.25% 
(tV/V) gelatin . The column was saturated with 0 . 5 ml of a 100 rug/ml 
solution of bovine serum albumin. After thorough washing of the column 
with the elution buffer , the iodination reaction mixture was quantita-
tively transferred to the prepared column and eluted with the phosphate-
gelatin buffer. Fractions (0.5 rol) were collected from the column i n to 
tubes containing 0 . 5 ml of a 0 . 05 I'1 phosphate buffer with 2% (V/V) FBS. 
Each 1.0 ml aliquot was counted for radioactivity and the protein peak 
was pooled and stored at 4°C for use in the radioimmunoassay. 
Labeling of the horse anti-rabbit serum globulins -- Chloramine T 
method (45). Horse anti- rabbit serum globulins were labeled with 
Na
l25
r (New England Nuclear; carrier-free; specific activity 17 Ci/mg) . 
Fifty ul of the Na l25r solution (100 uCi) was placed into the bottom 
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of a small polystyrene tube and 50 u1 of phosphate buffer (0.25 M, 
pH 7.5) was added. The horse globulins were added (25 u1 of 0.05 M 
phosphate buffer, pH 7.5, containing 100 ug protein) and mixed. Twen-
ty-five u1 of chloramine T solution (50 ug in 0.05 M phosphate buffer, 
125 pH 7 . 5) was added to the antiserum - Na I solution and reacted for 
5 min with continuous agitation. Fifty u1 of sodium metabisulfite 
solution (75 ug in 0.05 M phosphate buffer, pH 7.5) was added and mixed 
for 1 min. The reaction mixture was diluted to 2 ml by the addition of 
NaI solution (4 mg NaI/ml in 0.05 M phosphate buffer, pH 7.4, contain-
ing 2% FBS) . 
The labeled product was separated from the other reactants on a 
Sephadex G-25 column (1 em x 12 em). The reaction mixture was trans-
ferred to the column which had previously been equilibrated with 0 . 05 M 
phosphate buffer, pH 7.5, containing 2% (V/V) PBS, and saturated with 
1 ml of a BSA solution (100 mg/ml). The protein peak was collected in 
aliquots which totaled 8 mI. 
Indirect RIA procedure. A schematic diagram of the indirect RIA 
is shown in Figure 2. Many variations in fixation procedures and time 
and temperature of incubation were evaluated . In general, 25 ul of PVI 
in tissue culture fluid containing 1000 pfu were placed in the U- shaped 
wells of polyvinyl microtiter plates (Cooke Engineering, Alexandria, 
Virginia) . o The antigens were dried either overnight at 37 C or by ex-
posure to infrared light . The appropriate dilution of rabbit antiviral 
antibody in 1% (W/V) was added to all test wells and incubated at 37 0 C 
for I h. Control wells were treated with 1% BSA in PBS without anti-
bOdy . The wells were rinsed four times with distilled water. Twenty-
Figure 2 . Schematic diagram of the indirect radioimmunoassay. Micro-
titer wells were coated with 25 ul of poliovirus solution 
containing 1000 pfu. Twenty- five ul of the appropriate 
dilution of anti- PV antiserum was added and reacted for 1 h 
o 
at 37 C. Unreacted antibodies were removed by rinsing 4 
times with distilled water. Rdaioactively labeled anti-
rabbit serum antiserum (25 ul) was added to all wells and 
reacted for 3 h at 37°C . Unreacted antibodies were removed 
by rinsing 6 times with distilled water . Individual wells 
were cut out and counted in an automated gamma counter. 
(PV = poliovirus antigen ; AB = rabbit anti- virus antibodies; 
































five ul at labeled horse anti-rabbit serum was then added to all wells 
and incubated for 3 h at 37°C. The wells were rinsed 6 times with 
distilled water and each individual well was cut out and counted for 
radioactivity in an automated gamma counter. Results were expressed 
as percentage of counts bound in test wells over counts bound in appro-
priate control wells . 
Inhibition assay. A schematic diagram of the inhibition assay is 
shown in Figure 3. Wells were prepared with antigen as described above . 
Desired concentration of pfu of the stock poliovirus were obtained by 
dilution in PBS, oH 7 . 5. Each dilution was reacted with an equal vol-
ume of the anti-poliovirus antiserum for 1 h at 37°C . Twenty-five ul 
of each mixture was placed into replicate wells and the assay was com-
pleted as described above. Results were expressed as percent inhibi-
tion of binding as determined from control wells with no antiserum 
(0% binding) and control wells with unreacted antiviral antiserum (100%). 
Figure 3. Schematic diagram of the inhibition RIA. Wells were coated 
with 25 u1 of poliovirus containing 1000 pfu . Equal volumes 
of the appropriate dilution of antiviral antiserum and vir us-
containing sample were reacted for 1 h at 37°C. Twenty- five 
ul of each virus - antivirus solution was placed in wells 
and reacted for 1 h at 37°C. Unreacted antibody was removed 
by rinsing with distilled water 4 times. Radioactively la-
beled anti-rabbit serum antiserum was added to each well and 
o reacted for 3 h at 37 C. Unreacted antibodies were removed 
by rinsing 6 times with distilled water. Individual wells 
were cut out and counted in an automated gamma counter. 
(PV = poliovirus antigen; AB = rabbit anti- poliovirus anti-
bodies; AB-PV = antigen-antibody complex; AB* = horse anti-





AS + PV ~ AS-PV + AS 
The sample containing antigen is reacted with a known quantity 
of homologous antibody. Some antibody remains unreacted . 
Reacted sample 




is added to wells containing a constant amount 
Only unreacted antibody is free to bind . 
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125I_Labeled antibody is added to wells . 






Preparation of antigen. The PVI antigen that was used in the 
radioimmunoassays was grotYn in three different tissue culture batches. 
7 Each batch contained more than 10 pfu/ml (Table 5). The total volume 
of stock virus harvested was 550 ml (Batch 1, 200 m1; Batch 2, 175 ml; 
Batch 3, 175 ml). Each batch was subsequently diluted 1:100 in Eagle 's 
o 
~1 and 1.0 ml aliquots were frozen at -18 C in small screw-cap vials. 
Production and titration of anti-poliovirus antiserum . Before 
titration of the antiserum obtained from immunization of New Zealand 
white rabbits, the serum was adsorbed with spent tissue culture lysate 
containing no virus to remove antibodies to medium components and cell 
debris . After adsorption, no antibodies to these components were de-
tectable by gel diffusion . In the neutralization assays, controls were 
examined and found to be appropriate: medium controls were free of 
contamination; cell controls showed confluent monolayers with normal 
cellular morphology; viral back-titration wells confirmed that 100 
TCDSO were used in the assay ; serum control wells showed no cytotoxi-
city; positive control serum showed no CPE up to 1:640 to 1:1280; wells 
with negative control serum showed CPE at 1:10; wells with cross-reac-
ting control serum showed no CPE up to 1:20 to 1:40. 
The concentration of anti-PVI antibodies increased during the 
first four months of immunization to a neutralization of 80 (Figure 4). 
No increase in titer was observed during the next 3 months , so immuni-
zation was discontinued. 
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Table 5. Determination of Poliovirus I titer in cell culture lysate 
by plaque assay . 
Flask II Number of plaques 
10-5 10-6 10-7 10-8 1 0- 9 
Batch 1 1 > 100 14 1 0 0 
2 > 100 13 1 0 0 
3 > 100 14 0 0 0 
4 > 100 16 2 0 0 
5 > 100 13 1 0 0 
Titer : 2 . 8 K 107 pfu/ml 
Batch 2 1 99 13 2 0 0 
2 > 100 15 0 0 0 
3 > 100 12 1 1 0 
4 > 100 10 0 0 0 
5 > 100 16 3 0 0 
Titer: 2.4 K 107 pfu/ml 
Batch 3 1 > 100 16 1 0 0 
2 > 100 12 2 0 0 
3 > 100 19 2 0 0 
4 > 100 12 3 0 0 
5 > 100 15 1 0 0 
Titer : 3 . 0 x 107 pfu/ml 
Figure 4. Increase in anti-poliovirus antibody titer with time. 
Rabbits were immunized with PVI for seven months and anti-
body titers were determined by neutralization assays. Fi-
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Production and titration of horse anti-rabbit serum antibodies. 
Immunization of the horse with very small quantities of antigen (1.0 
rnl/inoculation) over a very long period of time (18 months) was done 
to increase the chances of producing a high-titer antiserum containing 
antibodies with high avidity for antigen. The gel immunodiffusion 
method was used to determine antibody titers . Precipitin bands were 
detected in the horse antiserum after the first month of immunization. 
As the immunization progressed~ precipitin bands were produced at suc-
cessively higher dilutions of antiserum. The titer of anti-whole rab-
bit serum antibodies steadily increased over the course of immunization 
(Figure 5). After 18 months, the antibody titer was 16,834 . 
Fractionation of antisera into globulin component. Ammonium sul-
fate precipitation (40% of saturation) followed by gel chromatography 
was used to isolate the globulin fraction of the antisera (16). Typical 
elution patterns were obtained during the desalting procedure (Figure 
6). Complete separation of the protein from the salts was achieved and 
the chromatographic procedure usually resulted in a 3 to 4-fold dilution 
of the original sample. 
Determination of the protein concentration of the globulin frac-
tion of horse anti-rabbit serum antiserum. A standard curve was ob-
tained by reacting various concentrations of bovine gamma globulin with 
Coomassie Brilliant Blue (Figure 7). The fractionated horse antiserum 
globulins contained 9500 ug protein/ml when the sample was compared to 
the standard curve. 
Determination of the equivalence ratio between horse anti-rabbit 
serum antiserum and whole rabbit serum . Absorption spectra of horse 
Figure 5. Increase in horse anti-rabbit serum antibody titer during 
the course of immunization. Horse was immunized with 1.0 
ml whole rabbit serum at biweekly intervals over a period 
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Figure 6. Typical elution curve obtained from desalting horse serum 
globulins after ammonium sulfate precipitation. Chromato-
graphic parameters : gel type, Sephadex G-25; bed volume, 
88 ml; void volume, 27 m1; sample volume, 20 ml; flow rate, 
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Figure 7 . Standard curve for Biorad protein determination. Various 
concentrations of bovine gamma globulin in phosphate buf-
fered saline were reacted with a constant volume of Biorad 
reagent (Coomassie Brilliant Blue/methanol/phosphoric acid) 
and absorbance at 595 nm was determine . Correlation coef-
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anti-rabbit antiserum solution and whole rabbit serum solution were 
det ermined (Figure 8). Each solution showed a minimum absorbance at 
340 om in the ultraviolet range and at 500 om in the visible range, 60 
these wavelengths were selected for assessment of the optimum binding 
ratio between antibody a nd antigen . 
The choice of dilutions to use in the precipitin rat io determina-
tion was determined empirically. Initially, a 1:500 dilution of horse 
anti-rabbit antiserum was reacted with antigen diluted 1:200 - 1 : 2000, 
then more concentrated antigen solutions (1:20 - 1:800). Finally, the 
antiserum was diluted 1:3000 for use. From the resultant precipitin 
curve (Figure 9), it was determined that a~eas of both antibody excess 
and antigen excess were reached. The dilution of whole rabbit serum 
antigen at which equivalence occurs with a 1:3000 dilution of antiserum 
is 1 :80. Thus, the ratio at which maximum binding of antigen-antibody 
occurs is approximately 38:1 . 
Labeling of antibodies by the Bolton-Hunter method . Five different 
labeling experiments were conducted . The separation of labeled protein 
from small molecular weight molecules and unreacted reagent was com-
plete and the amount of dilution of the original volume was 4 :1 . The 
greatest percent incorporation of radioactivity was achieved (58.5%) 
and the highest specific activity of the labeled protein obtained 
(5667 uCi/mg) when 9.0 ug of protein was labeled with 86 uCi of 125 t 
and a reaction time of 0.5 h (Table 6) . 
Labeling of the hors e anti-rabbit serum globulins by the chlora-
mine T method. Low labeling effic iencies were generally obtained (Table 
7) . However, relatively good specific activities were obtained (200 
Figure 8. Absorbance spectra of horse anti-rabbit serum and whole 
rabbit serum . Antiserum was diluted 1 : 3 for ultraviolet 
wavelengths and was used undiluted for visible wavel engths; 
whole rabbit serum was diluted 1:1600 for ultraviolet wave-
lengths and 1 : 200 for visible wavelengths . ( Horse 
anti- rabbit serum; - ---- whole rabbit serum). 
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Figure 9 . Precipitin curve of the equivlance paint of horse anti-
rabbit globulins with whole rabbit serum. Anti- rabbit 
globulins were diluted 1:3000 with phosphate buffered saline 
and mixed with an equal amount of various dilutions of whole 
rabbit serum. Mixtures were incubated for 1 h at 37 0 C and 
then for 2 days at 4°C before reading. ( • 340 rum ; 
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Table 6 . The effect of reaction conditions on the efficiency of labeling horse antiserum by the method of 
Bolton and Hunter (8). 
Protein labeled : 
Radioactivity used: 
Reaction time: 
Volume recovered : 
Radioactivity in 




of protein (per mg): 















1. 23 uCi 
6.8% 
1.4 uCi 
















• 1 :2 . 5 
30 ug 
58 uCi 
0 . 5 hours 
9 m1 




The labeling reagent used for this labeling was fresher than that used in the other experiments . 





Table 7. The effect of reaction conditions on the 
efficiency of labeling horse antiserum by 
the chloramine T method (45). 
Protein: 100 ug 50 ug 60 ug 
Chloramine T: 50 ug 25 ug 30 ug 
Metabisulfite : 75 ug 50 ug 60 ug 
Radioactivity : 100 uCi 166 uCi 214 uCi 
Reaction time: 5 min 10 min 5 min 
Radioactivity 
in protein peak: 2 uCi 10 uCi 8.6 uCi 
Efficiency of 
labeling: 2% 6% 4% 
Specific activity 
of protein (uCi/mg) : 22 200 143 
Labeling ratio 
125r/antibody: 1:650 1:70 1:102 
54 
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200 uCt/mg). The amount of protein used was large compared to the 
amount used 1n the most successful labeling by the Bolton-Hunter method 
(50 - 100 ug compared to 9 ug). 
Determination of the optimum time of incubation of the anti-polio-
virus antiserum and the anti-rabbit antiserum . Dilutions of anti- polio-
virus antiserum were reacted with a constant amount of virus and a con-
stant amount of radioactively labeled anti-rabbit antiserum for various 
time intervals. The optimum times of incubation were determined to be 
1 h at 37°C for the anti-PV antiserum and 3 h at 37°C for the anti-rab-
bit antiserum (Figure 10). Shorter lengths of incubation resulted in 
lower total counts and lower per cent binding . Longer lengths of incu-
bation resulted in higher total counts, but the percent binding did not 
increase suggesting that the longer incubation times only increased non-
specific adsorption of antibodies. In all cases, the highest counts 
and per cent binding were obtained at a 1:2 dilution of the anti-rabbit 
serum. At incubation times of 1 h for the intermediate antiserum and 
1 h for the labeled antiserum . an average of 164 cpm were obtained. 
This was a 173% increase in binding over the controls . At 1 hand 3 h. 
an average of 252 cpm were obtained which was a 28% increase in binding . 
At 3 hand 16 h. the highest average count was 283 cpm, but the binding 
was only 131% greater than control wells . 
In all experiments, the highest counts obtained were below that 
which would have been expected based on the amount of radioactivity 
placed in each well. Later experiments with anti-PV obtained commercially 
and thus of a greater aVidity, confirmed that the optimum time of incu-
bation was 1 hand 3 h for the two antisera (Figure 11). Longer incuba-
Figure 10. Determination of the optimum time of incubation of the two 
antisera in the RIA . (1) Anti- poliovirus antiserum incu-
bated for 1 h at 37°C, ant- rabbit incubated for 1 h at 37°C ; 
(2) Anti-PV incubated for 3 h at 37°C , anti-rabbit incubated 
for 16 h at 37°C; (3) Anti-PV incubated for 1 h at 37°C and 
anti- rabbit incubated for 3 h at 37°C . The amount of virus 
in the wells and the amount of radioactivity used was con-
stant throughout. The total counts and percent binding 
values are those which occurred at a 1:2 dilution of anti-
PV . Control (1) ~ 94 cpm; control (2) ~ 216 cpm; control 











Figure 11. A comparison of the total counts per minute and percent 
binding obtained at two different incubation times . Cpm 
( • ) and percent binding (---{}---) after 1 h incu-
bation (anti-PV) and 3 h incubation (anti-rabbit) . Cpm 
(-11--) and percent binding (---{J-) after 3 h incuba-
tion (anti- PV) and 16 h incubation (anti-rabbit). All in-
cubations were carried out at 37 oC. All wells contained 
1000 pfu, 25 ul of radioactively labeled antibody , and 
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tion times increased non-specific adsorption but diu not result 1n in-
creased binding . 
Reduction of non-specific binding . Experiments were conducted to 
determine whether non- specific binding could be reduced. Wells were 
prepared in the usual manner by drying at 37°C and then treating with 
methanol for 5 min . One set of wells was then used in the RIA without 
further treatm,ent while a second set of wells was first coated with a 
1 % (tv/V) solution of bovine serum albumin (BSA) in PBS for 1 h at 37°C 
to block any adsorption sites on the well surface not blocked by virus. 
These wells were rinsed four times with distilled water and used in the 
RIA. Treatment of wells with BSA did indeed reduce non- specific bind-
ing (Table 8) . Replicate control wells (containing no an ti-PV antiserum) 
averaged 147 cpm when not treated with BSA. Control wells in which BSA 
was averaged 54 cpm . Although the counts per minute were higher in 
wells that weren 't treated with BSA, the percent binding was significant-
ly increased in wells that were coated with BSA. The maximum percent 
binding was 246% in uncoated wells and 513% in coated wells. However, 
the total count s obtained in any of the wells was still considerably 
lower than expected based on the number of counts put into the wells. 
Various anti- PV antiserum preparations were therefore investigated to 
determine whether this was the reason the the low efficiency of binding . 
The effect of using various anti-PV preparations on the amount of 
binding. Three different anti-poliovirus antisera were investigated: 
one manufactured in this laboratorYi one obtained from NIH (directed 
against poliovirus Type 1, Brunhilde strain) ; and a commercial prepara-
tion (Hicrobiological Associates, Bethesda, Haryland) . The anti-PV 
• 
** Table 8 . Effect of 1% BSA on non-specific binding. 





























All wells contained 1000 pfu and were 
1 h at 37°C after addition of anti-PV 
at 37°C after addition of anti-rabbit . 

















antiserum is an ext r emely important component of the assay, and a sig-
nif icant differ ence 1n the percent binding occurred with the use of 
different anti-PV preparations when all other factors and components 
were kept constant (Figure 12) . The commercial preparation from 
Hicrobio!ogical Associates resulted in the highest binding ratio (792%). 
Use of the antiserum prepared in this laboratory resulted in a maximum 
binding ratio of 240% . These results suggest that the low cpm and 
binding ratios obtained in previous assays are at least partially due 
to the inferiority of the anti-PV antiserum which was used. Therefore, 
subsequent assays were performed with the commercially obtained anti-
serum. 
Each antiserum has an optimum dilution at which maximum binding 
occurs (Figure 12) . For both the NIH antiserum and the commercial anti-
serum , this optimum dilution was 1 : 32 . For all succeeding RIA l s per-
formed, a 1 : 32 dilution of anti-PV was used. 
The effect of using BSA solution to coat the wells as compared to 
using it as diluent. The use of 1% (W/V) BSA to coat wells after fixing 
of antigen may block specific binding sites on the antigen as well as 
non- specific adsorption sites on the well surface . Experiments were 
conducted in which one set of wells was treated as previously described 
using BSA to coat the surface after application of the antigen. Another 
set of wells was left uncoated, but the 1% (W/V) BSA solution was used 
as diluent for the anti-PV antiserum. The control wells in this case 
received 25 ul of 1 % (W/V) BSA rather than 25 ul of PBS . No signifi-
cant difference in either cprn or percent binding was observed regard-
less of the treatment used. The use of BSA to coat wells was discon-
Figure 12 . A comparison of various anti-poliovirus antisera and 
determination of the optimum dilution of anti-PV for 
use in the RIA. All wells contained 1000 pfu, 25 ul 
of anti-PV (diluted in PBS; controls received PBS alone), 
and 25 ul of radioactively labeled anti-rabbit. Plates 
were incubated for 1 h at 37°C after addition of anti-
PV and for 3 h at 37 0 C after addition of anti-rabbit. 
Percent binding indicates the percent increase in counts 
of replicate wells over the average counts obtained in 
control wells. (---41--- NIH antiserum; ---~ this 
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Figure 13. Measurement of viral antigen by indirect RIA. Varying num-
bers of plaque forming units were used to coat wells (1000 -
1). Twenty-five ul of a 1 : 32 dilution of anti- PV antiserum 
(in 1% BSA) was added to wells and incubated for 1 h at 37°C . 
After rinsing, 25 ul of radioactively labeled anti-rabbit 
antiserum was added and incubated for 3 h at 37°C. Controls 
consisted of identical wells but with no anti-PV added . 
• 
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tinued, and BSA was used as diluent in all further assays since this 
would eliminate a one-hour step in the RIA procedure and would not 
effect the results. 
Heasurernent of viral antigen by indirect RIA. After establishing 
optimum incubation conditions and the optimum anti-PV dilution , exper-
iments were conducted to determine whether the RIA would detect varying 
numbers of virus particles on the well surface. Replicate wells were 
coated with 1 - 1000 pfu of poliovirus and the assay performed as 
described. Controls consisted of wells coated with from 1 - 1000 pfu, 
25 ul of BSA diluent (containing no anti-PV), and 25 u1 of labeled an-
tibody . The assay did detect the presence of different numbers of viral 
particles (Figure 13) . An average binding ratio of 704% was obtained 
when wells were coated with 1000 pfu. 513% with 100 pfu/well. and 148% 
when 10 pfu were used. Even a single pfu resulted in 130% binding over 
control wells? but the significance of this small increase is not cer-
tain . 
The total cpm continued to be much lower than expected (maximum 
counts bound were 1639 in wells with 1000 pfu while 25 ul of the labeled 
antibody preparation contained approximately 23,000 cpm). The antibody 
used in these experiments were labeled in a ratio of approximately one 
125 
I atom per 100 antibody molecules. 
Inhibition assay. Before the inhibition assay was performed with 
different numbers of viruses, it was first necessary to determine the 
optimum time of incubation of the sample containing virus with the 
antivirus serum . Equal volumes of a 1:16 dilution of antiserum and 
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After inc~bation, 25 ul were placed into each of several replicate 
wells and the remainder of the RIA was performed as described. There 
was little difference in the percent inhibition at the various times 
of incubation. After 1 h of incubation of the anti-PV with the sample , 
wells showed an average inhibition of binding of 96%; after 2 h, the 
inhibition was greater than 99%; and after 3 h, inhibition was 94%. A 
one hour incubation time was used in further experiments. 
The inhibition assay was performed with from 1 - 1000 pfu/well . 
Results were calculated as follows: the average cpm of control wells 
containing no anti- PV (background) were subtracted from the average cpm 
of contro l wells containing a 1:32 dilution of anti-PV to determine the 
maximum number of counts possible (0% inhibition). Then background was 
s ubtracted from the average cpm of test wells, the percent of total 
possible counts calculated , and subtracted from 100 to give percent in-
hibition. 
An average of more than 80% inhibition was achieved when anti-PV 
antiserum was absorbed with 100 pfu (Figure 14). Even when only 10 pfu 
were used, inhibition averaged more than 50%. This indicates that the 
inhibition type assay has the potential for greater sensitivity than 
does the indirect technique. 
Figure 14 . Poliovirus inhibition RIA. Various numbers of plaque forming 
units were reacted with a 1:32 dilution of anti-PV antiserum . 
After 1 h at 37oC, each test sample was placed in replicate 
wells (25 ul) containing 1000 pfu. The test samples were 
allowed to react in the wells for 1 h at 370 C after which 
time they were rinsed and 25 ul of radioactively labeled 
anti-rabbit serum antibodies were added. Percent inhibition 
of binding by virus in test samples was determined relative 
to control wells (containing unreacted anti-PV--IOO% binding 
and no anti-PV--O% binding), 
• 
• 
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DISCUSSION 
Solid phase radio1mmunoassays have been developed in recent years 
to detect various viruses such as hepatitis A and B (68, 89), influenza 
virus (96), rotavirus (81), hamster, rat, murine and feline Type C 
viruses (18, 19. 86), and herpesvirus (31) . In addition, RIA ' s using 
the microtiter system have been used for the quantitation of antiviral 
antibodies (22, 89, 107), bacterial toxins (44, 67), and other biolog-
ically active substances (29). Such assays are becoming increasingly 
important diagnostic tools because they are generally rapid, sensitive, 
and reproducible, and they are relatively inexpensive . The use of a 
micro titer system has the added advantage of requiring very minimal 
amounts of reagents and antisera. 
The application of solid-phase RIA methodology to the detection 
of viruses in water is a novel approach to a difficult and persistent 
problem. An indirect solid-phase assay was chosen over other RIA 
techniques due to the increased sensitivity that this method affords 
(91) . Indirect assays have been shown to be more than 62 times more 
sensitive than direct solid phase assays, and 400 times more sensitive 
than direct inhibition assays (91). Another important advantage of the 
indirect assay is the use of only one radioactively labeled antiserum 
for the detection of any number of antigens. 
Various factors affect the sensitivity of RIA ' s. The most impor-
tant of these are the avidity of the antisera for their antigens and 
the specific activity of the labeled antiserum . 
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In developing this RIA, a single virus (Poliovirus Type I, strain 
LSc2ab) was chosen as antigen to facilitate standardization of the pro-
cedure. 
Large amounts of the antigen were needed to develop the RIA 
(coating of wells, inhibition studies, and seeding of samples) and for 
the immunization of rabbits to produce antiserum. Many purification 
procedures were considered, particularly ultracentrifugation (54) . 
Most antigens used in RIA ' s are highly purified preparations obtained 
by sucrose gradient or CsCl gradient centrifugation (55, 81, 91, 96) 
either alone or in combination with electrophoresis (89) or isoelectric 
focusing (18) . However, it was decided to use clarified cell culture 
lysate as source of antigen for the production of antiserum and use in 
the RIA without further purification. The crude preparation resembles 
the organic content of an environmental sample containing poliovirus 
more closely than would a purified preparation . 
The primary and secondary antisera (anti-poliovirus and anti-
rabbit globulin) had to be produced and fractionated . The anti-PV anti-
serum was prepared in rabbits according to the protocol of Levinson. et 
al. (66) . It has been established that good anti-PV antiserum is diff-
icult to prepare in rabbits (108), although anti-PV production is gen-
erally successful in larger animals and guinea pigs (82). Rabbits were 
nevertheless chosen due to the ease of handling and caring for such 
animals over a long period of time . Attempts at producing a high ti-
tered antiserum were unsuccessful, with a maximum neutralization titer 
of only 1:80 obtained after 7 months of immunization . Neutralization 
titers of up to 21,000 have been reported by other workers (66) . In 
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retrospect , a highly purified poliovirus preparation coupled with the 
use of an adjuvant might have elicited a stronger response. Hampil et 
al. (47) reported anti-PV neutralization titers of 10,000 - 25,000 in 
horses, cattle, sheep and goats, using ant i gen purified by rate zonal 
ultracentrifugation. In should be noted that approximately the same 
number of plaque forming units per inoculation were used in their study 
as was used in the attempts reported in this thesis. High titers 
(greater than 16.000) to poliovirus were achieved in monkeys immunized 
with crude tissue culture or central nervous system preparations of 
poliovirus , but in each case, the crud e preparation was suspended in 
adjuvant (118). 
After using this anti-PV ant iserum in the initial RIA experiments, 
it was decided to discontinue its further use and to purchase commercially 
prepared anti-poliovirus serum. 
A horse was the animal of choice for the production of anti-rabbit 
globulin antiserum since large amounts of serum could be obtained . Im-
muniZation with very small amounts of the rabbit globulins (1.0 ml/in-
oculation) over a long period of time (18 months) was used in order to 
optimize the production of antiserum with high titers of antibodies 
with high avidity for the antigen. The production of this antiserum 
was completely successful with double gel diffusion titers of more than 
16,000 being achieved. 
The horse anti-rabbit globulin antiserum was fractionated before 
labeling . This was done so that only the globulins would be radioac-
tively labeled . Desalting of the ammonium sulfate-precipitated globu-
lins was done on Sephadex G-25 because of the complete separation of 
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large moleuclar ~"eight peptides and proteins from the salts obtainable 
on this size gel . Separation t ... a5 complete and the orignial volume of 
protein so lution was diluted four-fold . Other methods of obtaining 
the globulin fraction of antisera include precipitation followed by 
chromatography on DEAE-cel1ulose (44, 89, 114), chromatography on 
DE52 ion-exchange resin (106), and precipitation followed by chromato-
graphy on Sephadex G-200 (12) . 
Initially it was assumed the anti-rabbit globulin serum would have 
to be labeled to a very high specific aCitivty to achieve the required 
sensitivity (calculations, Appendix III). For this reason, the Bolton-
Hunter conjugation mp.~hod of labeling (8) was used since it is a milder 
method than the chloramine T technique (52) . In the Bolton-Hunter 
method, the antibody to be labeled is not exposed to harsh oxidizing 
and reducing agents or to the radioiodide solution. Also, the protein 
is labeled through free amino groups rather than via tyrosine residues. 
The Bolton-Hunter method generally results in labeling efficiencies 
comparable to the chloramine T method. It has been shown that the 
conjugation reaction is concentration-dependent, and requires that the 
protein be dissolved in a minimum volume (7). The results of our ex-
periments confirmed this observation. The greatest labeling efficiency 
(58.5%) was obtained when the reaction volume was 20 ul (Table 6). In 
addition, in this labeling experiment, a greater amount of radioactivity 
relative to protein was utilized, so the high labeling efficiency can-
not be attributed to small reaction volume alone. Various reaction 
times were used and results tvere equally successful at both the shorter 
(30 min) and the longer (2.5 h) reaction times . 
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This method of labeling is not used extensively because it is 
technically more complex requiring more manipulations and is also much 
more expensive. The Bolton-Hunter reagent (N- succlnimidyl 3- (4-hydroxy 
125 
I-iodophenyl) propionate} remains stable for short periods of time 
(up to 3 weeks) which is an important factor affecting the efficiency 
of labeling. Highest label i ng efficiencies were obtained (experiment 
84 , Table 6) when the Bolton-Hunt er reagent was the freshest. A search 
of the literature revealed that i t is generally used to label enz~e 
preparations in which tyrosyl residues are known to be present a t the 
active site (32) , and routine use of this me t hod fo r labeling of gl ob-
ulins is not reported. 
Labeling of the horse antibodies was later done by the chloramine 
T me t hod . This method is by far the most widely used. It is simp l e, 
rapid and inexpensive . Up to 60% efficiency of labeling has been re-
ported (6) and efficiencies of 20 - 40% are routinely obtainable . The 
labeling efficiencies obtained in our experiments were much lower than 
these . There are probably two major reasons for this: a) the use of 
too little radioactivity fo r the amount of protein being labeled; and 
b) t oo high a pH level. In reports of good labeling efficiency . (6 , 
52 , 81 , 89). very small amounts of protein were used per labeling, 
generally only 2 - 15 ug. For this amount of protein. often up to 
125 
500 uCi of Na I would be used . In our experiments. from 50 - 100 ug 
of protein were labeled per experiment using only 100 215 uCi . The 
pH level may also have been a factor . The chloramine T reaction has an 
optimum pH of 7 . 5 (6), while our labeling attempts were conducted at pH 
8 . 0 . A subsequent labeling attempt in which 30 ug of protein was 
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labeled using 500 uCl of radioactivity and careful attention to reac-
tion pH resulted in 51% efficiency of iodination . 
In most RIA's, the specific activity of the labeled antibody is 
not a major concern. Values reported range from 60 uCl/mg protein (19) 
to 94 , 000 uCi/mg protein (89). 
125 
This represents ratios of I atoms/ 
antibody molecule of 1 : 240 and 6 :1 respectively. Purcell et al . (89) 
examined in their radioimmunoassay antibodies labeled to different 
specific activities and found that each preparation detected their an-
tigen with the same level of sensitivity. They therefore chose to use 
a preparation with a specific activity of 7000 uCi/mg which is a ratio 
of 1 1251 atom/2 antibody molecules. Antibodies labeled to this de-
gree were successful in detecting low levels of virus (10 plaque form-
ing units) in our assay . The virus, however . was from tissue culture 
lysate. t-!ore highly substituted antibodies of very high avidity may be 
needed to detect viruses at this level in environmental samples . The 
microenvironment of environmental samples is highly variable with 
aggregation and clumping of viruses and adsorption to solids being 
affected by pH, ionic st r ength. and organic content . ~owever. a pro-
tein of higher specific activity may have a reduced shelf life. so the 
minimum amount of radioactive substitution that affords the desired 
sensitivity and stability should be used. 
Initially, the RIA procedure used was as described by Rosenthal 
et al . (91). The virus was allowed to dry onto the well surface at 
o 
37 C and then fixed with meth.:tnol for 5 min followed by t\vO rinses with 
distilled water. Our initial experiments, in which optimum length of 
incubation of the antisera .... 'as determined. revealed that non-specific 
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attachment of I-labeled antibody to the polyvinyl wells would be a 
significant problem, especially at longer incubation periods . Although 
total counts bound increased markedly at longer incubation times, the 
percent binding decreased, probably due to non-specific binding, which 
resulted in higher background counts in control wells and thus reduc-
tion in the apparent binding ratio . This problem is encountered by 
others working with microtiter solid~phase assays (51, 55, 89, 91) . 
Rosenthal et al. (91) treated wells with 1% BSA or 1% calf ser um and 
found the BSA to be more effective in reducing non- specific binding . 
Others have used 0 . 5% BSA (12 , 51). He evaluated two methods for re-
ducing non-specific binding by saturating any binding sites remaining 
after antigen attachment: l} coating wells with 1% BSA; and 2) using 1% 
BSA as the anti-PV antiserum diluent. Perhaps coating with BSA also 
masks some specific binding sHes as well as non~specific. Therefore, 
it was decided to use 1% BSA diluent in all further experiments . 
Incubation periods of 1 h for anti- PV antiserum and 3 h for anti-
rabbit antiserum were found to give op t imal binding ra t ios. Incubating 
for longer times showed no advantage . Since the rapidity of RIA com-
pared to other viral detection techniques is an important factor , the 
minimum incubation periods giving suitable results are preferred. 
The effect of various anti-PV preparations on the outcome of the 
RIA was examined. There are great differences between antisera with 
some preparations being much less effective than others . 
The dilution of the anti-PV antiserum is also very important. 
Schieble et a1. (96) stated that the dilution of the intermediate 
serum in indirect RIA ' s is the most important variable in the assay , 
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and our results support this. It was observed that a 1:32 dilution of 
the anti-PV antiserum resulted in nearly four times greater percent 
binding than other dilutions \vhen all other factors remained constant. 
The choice of antiserum as ~lell as the dilution to be used are there-
fore critical. Assays should be run each time a new batch of anti-
serum is going to be used to determine the dilution that results in 
maximum binding ratios. 
After these parameters were optimized, the RIA was used to detect 
varying numbers of plaque forming units. In these experiments, very 
high average binding percents (748%) were obtained when 1000 pfu were 
used to coat wells. In general, binding ratios obtained in this type 
of RIA are much lower than this 050 -350%) . When 100 pfu were used. 
584% binding resulted. Even at 10 pfu. a binding percent of 148% was 
observed. Binding percents of 150 ~ 210% are usually considered as 
positive for the presence of antigen (44, 55, 89). At this point, then, 
the RIA has a significant degree of sensitivity. It is important to 
increase this sensitivity to afford the RIA more utility for practical 
application. However, increasing the sensitivity of the assay would 
not be difficult. 
First, in none of these experiments was the horse anti-rabbit 
serum labeled at a ratio higher than 1 1251 atom/2.S antibody molecules, 
and mos t employed antibody labeled much lower than this . Increasing 
the labeling ratio to even 1:1 would significantly increase the sensi-
tivity . Second, l arge increases in sen sitivi ty should be obtained by 
firs t fractionating the horse g lobulins into those specific for rabbit 
globulins by affinity chromatography. labeling of the protein after 
79 
such a fractionation would insure that only specific antibodies were 
labeled, and in the assay, all labeled protein would have the potential 
for binding rather than as it is now where only about 10% have the 
potential for binding. Third, using an anti-poliovirus antiserum of 
greater specificity and avidity would further enhance the sensitivity 
of the assay . At present, this is the weakest component of the RIA . 
In assays in which binding percents of 150-210% are considered 
positive for presence of antigen, the antigen is generally much more 
purified than the antigen in this assay. On a basis of concentration 
of protein being detected , this assay appears very sensitive. If 10 
pfu represents 400 viral particles, then the assay at this stage is 
d t . 4 10-
14 g of . e ectlng x Vlrus . This is probably an overestimation of 
the assay's sensitivity since there could actually be many more than 
40 viral particles present for each plaque forming unit . 
The inhibition assay proved to be more sensitive than the indirect 
assay . Hhen anti-PV antiserum was absorbed with 10 pfu, 50% inhibition 
of binding was obtained. This would be the method of choice for 
assaying environmental samples . 
One observation noted in all RIA experiments per formed is the low 
number of counts that actually bind to the wells relative to the total 
number of counts placed in the wells. Generally, only from 1 - 5% of 
the counts placed in the wells remain even when maximum binding ratios 
are achieved. This seems to be a universal problem with solid phase 
assays in which polypropylene wells are the solid phase. However, in 
most published assays, the percent of counts that bind is usually 
higher than 1 - 5%, and often as high as 25% (89). The theoretical 
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maximum is calculated to be 45%. This phenomenon could be accounted 
for if antigen were being washed off the well surface at various stages 
of the procedure. If this is happening. this would also contribute 
to the lower s ensitivity of the indirect assay. Attempts should be 
made to insure that the antigen does not wash off the wells during the 
rinsing stages, perhaps by altering the fixation technique. 
The assay as developed thus far has potential for practical 
application . Isolation and labeling of only specific antibodies. 
labeling to higher ratios, use of a better intermediate antiserum. and 
insuring that antigen is not lost from the well surface will all in-
crease the sensitivity of the assay many-fold. The actual processing 
of an environmental sample by both RIA and by plaque assay must be 
done next to compare the efficiency of detection by the two methods. 
APPENDIX I 
First agar overlay for Buffalo Green Monkey Kidney 
Cell Culture 
Component Quantity (ml/100 ml) 
Earle's Basal Salts Solution (lOX) 
Distilled water 
Essential amino acids (SOX) 
Non-essential amino acids (lOOX) 







Agarose (1. S%) 
Penicillin (200,000 units/ml) 
Streptomycin (200,000 units/ml) 
Aureomycin (10 mg/ml) 


















Second agar overlay for Buffalo Green Monkey 
Kidney Cell Culture 
Component Quantity (ml/100 ml) 
Earle's Basal Salts Solution (lOX) 10.0 
Distilled water 28.2 
Essential amino acids (SOX) 2.0 
Non-essential amino acids (lOOX) 1.0 
Sodium pyruvate (lOOX) 1.0 
Vitamins (lOOX) 1.0 
Glutamine (5%) 0.6 
NaHC0
3 
(8.8%) 2 .5 
Serum 5.0 
Neutral Red 1:1000 3 .0 
Penicillin (200,000 units/ml) 0.1 
Streptomycin (200,000 units/ml) 0.1 
Aureomycin (10 mg/ml) 
Amphotericin B (10 mg/ml) 







Assumptions for the calculation of RIA sensitivity 
Number of antibodies that can bind 
to one virus particle 
DPM needed to obtain a workable 
counting range 
125 Labeling ratio of I to antibody 
Number of viral particles per pfu 
6 Safety factor (10 /40) 
Level of detection sought 
100 
1 x 107 1251 atoms 
1 - 50 
40 _ 106 
2.5 x 104 
1 pfu/gallon 
Calculation of RIA sensitivity 
1 pfu/gallon x 40 virus particles/pfu x 100 antibody 
125 sites/virus x 50 (or fewer) atoms I/antibody x 
62 . 5 (sensitivity factor) m 
2. 50 
1. 25 
with safety factor : 
6 (2.50 x 107) (1.25 x 10 ) 
6 
x 107 atoms 
x 10 atoms 
4 (2.5 x 10
4
) = 
(2.5 x 10 ) -
83 
6 . 3 




x l0ll atoms 
x 10 atoms 
• 
APPENDIX IV 
Formula for the calculation of absolute 
1251 activity by the photo peak-sum peak method 
A = 
where A = absolute activity 
R
1
= activity of photo peak 




1. Akin, E . W.~ H.B. Benton, and W.F. Hill. 1971. Enteric viruses 
in ground and surface waters: A review of their occurrence 
and survival, p . 59-74 . In V. Snoeyink, (ed.), Viruses and 
water quality: occurrence and control . University of 111-
inols, Urbana, Illinois. 
2. American Public Health Association . 1976. Detection of enteric 
viruses in water and wastewater, p. 968- 975. In Standard 
methods for the examination of water and wastewater, 14th ed . 
3 . 
4. 
BayloT, E. R., M.B . 
Appel. 1977. 
198:575-580. 
Bendinelli, M. and 
from mussels. 
Baylor, D. C. Blanchard, L.n. Syzdek, and C. 
Virus transfer from surf to wind. Science 
A. Ruski. 1969. Isolation of human enterovirus 
App1 . Microbial. 18:531- 532. 
5. Berg, Go , n. R. Dahling, and D. Berman . 1971. Recovery of small 
quantities of viruses from clean waters on cellulose nitrate 
membrane filters. App1. Microbial. 22:608-614. 
6. Bolton, A.E. 
Amersham 
1977. Radioiodination techniques. Review 18, 
Corporation. Arlington Heights, Illinois. 
7. Bolton, A.E., J.G . Bennie, and W.M. Hunter. 1977. Peptide bind-
ing assays, p . 687-693 . In Peptides of the biolgical fluids, 
24th Colloquium. H. Peters, (ed . ), Oxford, Pergamon Press. 
8. Bolton, A.E . and ILM. Hunter. 1973. The labeling of PI2§eins to 
high specific radioactivities by conjugation to a I - con-
taining acy1ating agent. Biochem. J. 133:529-538 . 
9. Bradford, M.M. 1976. A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing 
the principle of protein-dye binding . Anal. Biochem. 72 : 
248-254. 
10. Breindl, 1-1. 1971. VP-4, the D-reactive part of poliovirus. 
Virology 46:962-964 . 
11 . Britten, G. 1975. Adsorption of viruses onto surfaces in soil 
and water. Water Res. 9:473-484. 
12. Bruins, S.C., I . Ingwer, H.L. Zeckel, and A.C. White. 1978 . 
Parameters affecting the enzyme-linked immunosorbent assay 
86 
of immunoglobulin G antibody to a rough mutant of Salmonella 
minnesota. Infec. Immun. 21:721-728. 
13. Bryan, J.S., J.D. Lehman, I.F. Setiady, and M.H . Hatch. 1974. 
14. 
15. 
An outbreak of hepatitis A associated with recreational lake 
water. Amer. J. Epidemio!. 99 :145-154. 
Bullock, S.L. and K.W. {olalls. 1977. 
parameters of the enzyme-linked 
rofec. Dis. 136:5279-5285. 
Evaluation of some of the 
immunospecif1c assay. J. 
Buras, N. 1974. 
by the direct 
Recovery of viruses 
inoculation method . 
from wastewater and effluent 
Water Res . 8:19-22. 
16. Calgano, J.V . , M.J. Sweeney, and H.C. Dels . 1973. Rapid batch 
method for the preparation of fluorescein isothiocyanate-
conjugated antibody. lofee. Immun. 7:366-369. 
17 . Catt, K. and G.W. Treager. 1967 . Solid-phase radioimmunoassay 
in antibody-coated tubes . Science 158:1570-1571. 
18. Charman, H.P . , M.H . White, R. Rahman, and R.V. Gilden. 1976. 
19. 
20. 
Species and interspecies radioimmunoassays for rat type C 
virus p30: interviral comparisons and assay of human tumor 
extracts. J. Viro1. 17:51-59. 
Charman, H. P . , N. Kim, and R.V. Gilden. 1974. 
for the major structural protein of hamster 
J. Viral. 14:910-917. 
Radioimmunoassay 
type C viruses. 
Clarke, N.A., G. Berg, P.W. Kabler, and S.L. Chang. 
enteric viruses in water: source, survival, and 
Adv. in Water Poll. Res. 2:523-541. 
1964. Human 
removability 
21. Clarke, N.A., R.E. Stevenson, S.L . Chang, and P . W. Kabler. 1961. 
Removal of enteric virus from sewage by activated sludge 
treatment. Amer. J. Public Health 51:1118-1119. 
22. Cleland, G.B., D.Y. Perey. and P.B . Dent. 1974. Micro-radio-
immunoassay for antibodies to Ne\o.'C8st1e disease virus in the 
chicken. Appl. Microbiol. 30:223-227 . 
23. Cliver, D.O. 1975. Virus association '<lith ¥!8stewater solids . 
Environ. Letters 10:215-223. 
24. Cliver, D. O. and J.E. Herrmann . 1972. Proteolytic and microbial 
inactivation of enteroviruses. t.jater Res. 6:797-805. 
25. Cliver, D.O. 
tion with 
1967 . Detection of enteric viruses by concentra-
polyethylene glycol, p . 109-120. In C. Berg, (ed.), 
26. 
Transmission of viruses by the water route. John Hiley and 
Sons, New Yo r k. 
87 
Cliver, D. O. 
detection 
1965. Ultracentrifugation in the concentration and 
of enteroviruses . Appl. Mic ro biol. 13: 387 -3 92 . 
27. Conrath, T . B. (ed.) . 1 972. CPE n eutral ization test for the sero-
diagnosis of ent eroviru s i nfec tion s , p. 430-436. In Handbook 
of microtiter procedur es . Dynatech Corporation, Cambridge, 
Hassachuset t s . 
28. Couch, R .B . , T.R. Cote, P . J. Cerone, \.J.F. Fleet, D.J. Land, ~.J'.T. 
Griffith, and V. Knight. 1965. Production of illness with a 
sma ll particle aerosol of Coxsackie A21 . J. Clin. Invest . 44: 
535-542. 
29. Cr ane, L.J. and D.L. Miller. 1975. A solid-phas e radioimmuno-
assay for fibrinogen. Anal. Biochem. 64:60-67. 
30. Dulbecco, R. 1952. Production of plaques in monolayer tissue 
cultures by single particles of an animal virus. Proc. Natl. 
Acad . Sci. U. S. 38:747 -7 52 . 
31 . En1ander, D . ) L . 'l . Dos Remedios, P . H. ~eber, and L. Drew. 1976. 
32. 
Radioimmunoassay for herpes s implex virus. J. Immunol. Met hods 
10 : 357-362 . 
Fang , V. S. , H.\-1 . Cho , and R.Y. Meltz er. 1 975 . Labeling 
tine phosphokinase without l oss of enzyme activit y . 
Biophys . Res . Comm. 65 : 413-419. 
of crea-
Biochem. 
33 . Fat tal , B .. E . Ka tznelson, M. Neva , and H. Shuval . 1973 . Evalu-
ation of different methods for the detection and concentra-
tion of small quantities of virus in water, A-49-A-70. Proc. 
4th Scientific Confer ence of the Israel Ecological Soc i ety, 
Tel Aviv , Israel. 
34. Fazekas de St . Groth , G. and R.C. Webster. 1963. The neutra liza-
tion of animal viru ses , IV . J. Immuno1 . 90:151-164. 
35. Fl oyd , R. and D. G. Sharp . 1978. Viral aggregation: effects of 
salt s on the aggregation of poliovirus and reov i ru s a t low pH. 
Appl . Environ. Microbiol. 35 :1084 -1094 . 
36 . Floyd, R. and D. G. Sharp . 1978. Vira l aggr egation : quantita tion 
and kinetic s of the aggregation of poliovirus and r eovi ru s . 
Appl. Environ. Microbio l. 35 :1 07 9-1083 . 
37 . Fox, J .P. 1976 . Human- associated viruses in water, p. 39-49. 
In C. Ber g , H. Bodily , E. Lennette , J . He1nick, and T. Metcal f, 
(eds.) , Viru ses in water . American Public Health Association, 
38. 
Washington, D.C . , U.S . A. 
Galasso, G.L . and D. G. Sharp. 1962 . 
plaque forming unit. J. Immunel. 
88 . 
Virus aggregation and the 
88 :339- 342. 
39 . Ge1dreich, E. E. 1972 . Hater-borne pathogens, p . 226 . In R. 
Mitchell, (ed.), Hater pollution microbiology, l-liley Int er-
science, Inc . 
40. Gilbert, R. C., R. C. Rice, H. Bouwer , C.P . Gerba, C. \Vallis , and 
J.L. Helnick. 1 976 . Hastewater renovat ion and r euse : virus 
removal by soil fil tration . Science 192 :1004- 1005. 
41. Goyal, S .M., C.P . Gerba, and J . L. Mel nick . 1979 . 
virus in oysters and their overlying waters. 
Microbiol. 37: 572 - 581. 
Human entero -
Appl . Environ . 
42. Grabow, 'LO.K., I . G. Middendorff, and N. C. Basson. 1978. Role 
of lime treatment in the removal of bacteria, enteric viruses, 
and coliphages in a wastewater reclamation plant . Water S . A. 
(Praetoria) 2:25-32. 
43 . Grabow, t-l.O . K. , O.H. Prozesky, P.C . Appelbaum, and G. Lecatsas . 
1975 . Absence of hepatitis B antigens from feces and sewage 
as a result of enzymatic destruction . J . Infec . Dis . 131: 
658-664. 
44 . Greenberg, H. B. , D. A. Sack, t<1 . Rodriguez, R. B. Sack, R. C. \vyatt , 
A. R. Ka1ica, R. L. Hors'tV'ood, R. M. Chanock , and A. Z. Kapikian. 
1977. Microtiter solid-phase radioimmunoassay for det ec t ion 
of Escherichia coli heat-labile enterotoxin. lnfec . Immun . --17: 541-545 . 
45 . Greenwood, R , C'13~ . M . Hunter , and J.S. Glover. 1963 . The prep-
aration of I - labelled human growth hormone of high specific 
radioactivity. Biochem. J . 89 :114-123 . 
46 . Grinstein, S . , J.L . Melnick, C. ~\fallis, and R. Brown . 1970. 
Virus isolations from sewage and from a stream r eceiving 
effluents of sewage treatment plants . Bull . IffiO 42 :29l- 296 . 
47. Hampil, lL, J.L . Melnick, C. \<1al1is, R.W. Brm·m, E. T. Bryce, and 
R. A. Adams, Jr . 1965 . Preparation of antiserum to entero -
viruses in large animals . J. Immuno1. 95:895- 908. 
48. Harper, P .V., H. D. Siemans, K. A. Lathrop, and H. End1 ich . 12S963 . 
A method for the calculation of absolute act ivity of I. 
J. Nuclear lIed . 4:277 - 289 . 
49. Hetrick , F.H . 1978. Survival of human pathogenic viruses in 
estuarine and marine waters. American Society for Hicrobio1-
89 
ogy News 44 : 300-302. 
50. Hill. tLF., Jr., t<l.H. Akin , and tLA. Benton . 1971. Detection of 
viruses in \oIater: a review of methods and application . \"ater 
Res. 5: 967 -995 . 
51. Hollinger, F.B ., V. Vorndam. and G. F . Dreesman . 1971 . Assay of 
Australia antigen and antibody employing double-antibody and 
solid-phase radioimmunoassay techniques and compariosn with 
the passive hemagglutination methods . J . Immunol . 107 :1099-
1110. 
52. Hunter, U.M. and F.C. Gr eenwood . 
labelled human growth hormone 
Nature 194 :495-496. 
1962. Pr eparation of iodine-131 
of high specific activity. 
53. Hurst, D. J . and C.P. Gerba . 1979. Development of a quantitative 
method for the detection of ent erovirus from soil. Appl. En-
viron . Hicrobiol. 37 :626-632. 
54 . Joklik, H. K. and J . E. Darnell, Jr . 
l y fate of purified poliovirus 
439-447 . 
1961. The adsorption and ear-
in HeLa cells. Viro l ogy 13: 
55 . Kalimo, K. O . • R.J . ~~rttila, K. Cransfors , and M. K. Viljanen. 
1977. Solid-phase radioimmunoassay of human immunoglobulin 
56 . 
M and immunoglobulin G antibodies against herpes simplex virus 
type I capsid , envelope, and excreted antigens . Infec . Immun . 
15 : 883-889. 
Katznelson . E. and S . Kedmi . 1979. Unsuitability 
as indicators of virological quality of water. 
Microbiol . 37 :343-344. 
of polioviruses 
App! . Env iron. 
57 . Katznelson, E. 1976. A r apid method for quantitative assay of 
poliovirus from wa t er with the aid of the fluorescent anti-
body technique. Archives of Virol. 50 :197-206. 
58 . Kedmi, S . and E. Katznelson . 
escent antibody assay of 
Arch . Virol. 56 :337- 340 . 
1978 . A rapid quantitative f luor-
poliovirus using tragacanth gum. 
59. Kelly, S . , \.;r . Sanderson , and C. Neid1. 1961. Removal of entero-
viruses from sewage by aclivated sludge. J. ~-later Poll.. Con-
trol Fed . 33 :1056- 1062 . 
60. Kelly, S . and \.;r.\-1 . Sanderson. 
in sewage. J. Water Poll . 
1960. The density of enteroviruses 
Control Fed . 32:1269-1273 . 
61. Korant, B. D., K. Longberg-lIo1m. J. Nobl e . and J . T. Stasny. 1972 . 
Naturally occurring and artificially produced components of 
62. 
90 
three rhinoviruses . V:lrology 48: 71-86. 
Koshland. R. D. 
J. Immunol. 
1974. Labeling of 
Hethods 8:126-131. 
1>5 
antigenic substances with - 1. 
63. Kett, Y. ,N. Roze, S. Sperber, and N. Betzer. 1974. Bacteriophages 
as viral pollution indicators. \.Jater Res. 8 :165-171. 
64 . Lamb, G.A., T.D.Y. Chin, and L. E. Scarce . 1964 . Isolation of 
enteric viruses from sewage and river water in a metropolitan 
area. Amer . J . Hyg . 80:320-323 . 
65. Lathrop. T.L . and O.J . Sproul . 
of viruses in wastewater by 
Control Fed. 41:567-575 . 
1969. High-level inactivation 
chlorination. J. \.Jater Poll. 
66. Levinson, S . O. , A. Milzer, J . J . Shaughnessy, A. rL Wolf, M. Janota, 





on production of antipoliomyelitis serum in rabbits. Proc . 
Soc . Exp. BioI . Med . 87:111-114. 
Lieberman, M. 1975. Highly 
for a Clostridial toxin. 
efficient solid- phase radioimmunoassay 
Anal . Biochem . 67:115-121. 
Ling, D.M. and L. R. Overby. 1972. Prevalence of hepatitis B 
virus antigen as revealed by direct radioimmunoassay with 1251_ 
antibody . J. Immunol. 109:834-841. 
Lonberg-Holm, K., L.B. Glosser, and J . C. Kauer. 
teration of poliovirus in infected cells and 




Lundgren, D.L . , W.E. Clapper, and A. Sanchez . 
viruses in animals . Proc . Soc . Exp . BioI. 
1963 . Human enter ic 
Med. 128:483-487. 
71. Lwoff, A .• R. Dulbecco , M. Vogt, and M. Lwoff. 1955. Kinetics 
of the release of poliomyelitis vir us from single cells. 
Virology 1:128-139. 
72. Mack, W. N. , Y. S . Lu , and D. B. Cooper . 1972 . 
myelitis virus from a contaminated well . 
87 :271-275. 
Isolation of polio-
Health Servo Rep. 
73. r-tahoney, P., G. Fleischner, 1. Millman, i-I.T . London, B. S. Blumberg, 
and I . M. Arias . 1974. Australia antigen: detection and 
transmission in shellfish. Science 183:80-Sl . 
74. Majumdar, S .B., W. H. Ceckler , and O. J. Sproul. 
of poliovirus in water by ozone. J . t~ater 
45 :2433-2443. 
1973 . Inactivation 
Poll . Control Fed . 
91 
75. Malina, J.F . , Jr. and B.P . Sagik, eds. 1974. Virus survival 
in t .. a ter and \,zastewater systems. University of Texas, 
Austin. 
76. Mandel , B. 1958. Studies on the interactions of poliomyelitis 
virus, antibody, and host cells in a tissue cultu r e system . 
Virology 6:424-447. 
77. McLean, D.H . 1973. Detection and inactivation of enteroviruses 
in water. NRCC No . 13079 . Ottawa , Ontario, National Research 
Council, Canada. 
78. Metcalf, T. G., C. Wallis , and J.t . Melnick . 1974 . Environmental 
factors influencing isolation of enterovirus from polluted 
surface waters . Appl. Microbial. 27:920- 926. 
79 . Hetealf, T.G. 1961. Use of mil1ipore filter to facilitate the 
recovery of viruses from aqueous suspension . Appl . Microbial . 
9:376-380 . 
80. Hetcalf, T.G. and \V.C. Stiles . 1968 . Enterovirus within an 
estuarine environment . Am. J . Epidemiol . 88 : 379- 391 . 
81. Middleton, P . J . • H. D. Holdaway, M. Petrie, M. J . Szymanski , and 
82. 
J.5. Tam. 1977. Solid- phase radioimmunoassay for the detec -
tion of rotavirus . lnfec . Lmmu n . 16 : 439-444 . 
Hilzer, 
of 
A., F. Oppenheimer, and 
antiserum to poliovirus . 
S .0. 
J . 
Levinson . 1945 . Production 
Immunol . 50 :331- 338. 
83. ~loore, B.E., B . P . 5agik , and J . F . Halina. Jr . 1975 . Viral asso-
ciation with suspended solids . '~ater Res. 9 : 197-204. 
84. 1'loore. B.E., L . Funderburg . and B. P . Sagik . 1974 . Application 
of viral concentration techniques to field sampl ing, p. 3-15 . 
In J.F . Malina and B. P . Sagik , (eds.), Virus survival in 
water and wastewater systems, \~ater Resources Symposium 87. 
University of Texas, Austin . 
85 . O'Brien, R.T . and J.S . Newman . 1977 . Inactivation of poliovirus 
and coxsackievirus in surface water. Appl. Environ . Hicr o-
biol. 33 :334- 340. 
86. Parks , \~.P. and E. M. Scolnick . 1972 . Radioimmunoassay of mamma-
lian type C viral proteins: interspecies antigenic reactivi-
ties of the major internal polypeptide. Proc. Natl. Acad. 
Sci. 69:1766-1770 . 
87. Phillips, B . A., n. r . Summers, and J . V. Maized . Jr . 
vitro assembly of poliovirus- related particles. 




88. Plotkin, S.A. and M. Katz. 1967. Minimal infective doese of 
viruses for man by the oral route, p . 151-166 . In G. Berg, 
(ed.), Transmission of viruses by the water route. John 
Wiley and Sons, New York . 
89. Purcell, R. H., D.C. ~.,Tong, H.J. Alter, and P.V. Holland . 1973. 
Microtiter solid-phase radioimmunoassay for hepatitis B an-
tigen. Appl . Microbicl. 26:478-484. 
90. Rao, H .Y. and N. A. Labzoffsky. 1969 . A simple method for the 
detection of low concentrations of viruses in large volumes 
of water by the membrane filter technique . Can. J . Microbicl. 
15 : 3 99-403 . 
91. Rosenthal, J.D., K. Hayashi. and A.L . Notkins . 1973. Comparison 
of direct and indirect solid-phase microradioimmunoassays for 
the detection of viral antigens and antiviral antibodies . 
Appl . Microbiol . 25: 567-573. 
92. Rosenthal, J . D. , K. Hayashi, and A.L. Notkins. 
croradioimmunoassay for the measurement of 
J. Immunol. 100 :586-593. 
1972 . Rapid mi-
antiviral antibody. 
93. Sabin, A. B. 1959. Recent studies and field tests with a live 
attenuated poliovirus vaccine, p. 14- 33. In First Interna-
tional Conference on Live Poliovirus Vaccines, Science Publ. 
U44. Pan American Sanitation Bureau, \~ashington, D. C. 
94. Schaub, S . A. and C.A. Sorber . 1977 . Virus and bacteria removal 
from wastewater by rapid filtration through soil. Appl. En-
viron. Nicro biol. 33 : 609-619 . 
95. Schaub , S.A. and B. P . Sagik. 1975 . Association of enter oviruses 
with natural and artificially introduced colloidal solids in 
water and infectivity of solids-associated virions. Appl. 
Microbiol. 30 :212-222 . 
96. Schieble , J . H. and D. Cottam. 1977. Solid- phase radioimmunoassay 
as a method for evaluating antigenic differences in type A 
influenza viruses. Infec . Immun . 15:66-71. 
97 . Schwerdt, C. E. and J . Fogh. 1957 . The ratio of physical 
cles per infectious unit observed for poliomyelitis . 
ogy 4 :41-52 . 
parti-
Virol-
98. Shaffer, P.T . , R. E. Heirer, and C. D. NcGee. 1976 . Isolation of 
natural viruses from a variety of waters , M~~A Water Quality 
Technology Conference, San Diego, California, December 5-8 . 
99. Shuval, Il.L, B. Fatta1 , S. Cymbalista . and N. Goldblum. 1969. 
93 
The phase-separation method for the concentration and de-
t ection of viruses in water . Hater Res . 3 :225- 240 . 
100. Smith, E.N . , C. P. Cerba. a nd J.L. Melnick . 1978 . Ro l e of sed-
iment in the persistence of enterovirus in the estuarine 
environment . Appl . Environ . Mic r obial. 35 : 685 - 689 . 
101. Snoeyink , V. (ed . ). 1971 . Viruses and water quality : occur r-
ence and control . University of Illinois. Urbana , Illinois. 
102 . Sobsey . H. D. , 1'1. Hender son . C. Wallis, and J . L. Melnick . 1973 . 
Concentr ation of enteroviruses f r om lar ge vol umes of water. 
App1 . Micr obi o1. 26:529- 534 . 
103. Sproul, O. J . 1973. Quality of recycled water: fate of infec -
tious agents. Can . Inst . Food. Sci. Technol . J . 6 : 91- 95. 
104 . Sproul, O.J ., T. R. Thor up , D. F. Wentwo r th , and J.S . Atwel l . 1970 . 
Salt and virus inactivation by chlorine and high pH , p. 385-
396 . In Proc . of the National Specialty Conference on Dis-
infection , July , 1970. Amer . Soc . of Civil Engineer s , New 
York . 
105. Strohmaier, K. 1967 . Virus concentration by ultrafiltration , 
p. 245-274. In K. ~1aramorosch and H. Koprowski , (eds . ), 
Methods in Virology . Volume II. Academic Press , New Yor k . 
106 . Taylor, A. , Jr . , G.F . Crum, G. A. Faich, L. J . McCabe, and E. J . 
Gangarosa . 1972 . Outbreaks of waterborne diseases in the 
United St ates , 1961-70 . J . Infec. Dis. 125 :329-333 . 
107 . Taylor, G. 1979 . Sol i d-phase micro- rad i oimmunoassay to measure 
immunoglobulin class- specific antibody to Mycop l asma pulmon-
is. Infec. lmmun. 24 :701- 706 . 
108 . Thompson , R. 1930 . Pr oduct ion of high-titered antiser um to 
poliomyelitis virus. J . Exp. Med . 5 :777 - 779 . 
109 . Tripatzis, I . and M. Yano . 
ose radioimmunoassay to 
majo r volumes of water . 
1974 . Standardizaiton of the sephar-
identify hepatitis B an tigen in 
Ab1. Bakt . Hyg. 217:383-388 . 
110 . United States Public Health Service . 1974. Microneutralization 
test for the detection of antibody to poliovirus, United 
States Department of Health, Education, and Welfare , Center 
for Disease Control , Atlanta, Ceorgia . 
Ill. Hallis, C.H., M. Henderson , and J . L. Melnick . 1972. Enterovirus 
concentration on cellulose membranes . Appl. Microbial . 23 : 
476-480 . 
112 . Hallis, C.N., A.H . Homma, and J.L. Nelnick . 
virus concentrator for testing water in 
Res. 6:1249-1256. 
94 
1972. A portable 
the field. Water 
113. \-Ia11i5, C., J.L . Melnick, and J.E . Fields. 1970. Detection of 
viruses in large volumes of natural waters by concentration 
on insoluble polyelectrolytes. t.J'ater Res. 4:787 ..... 796. 
114. Wedner, J.J., L.N. Parker, and M.G . Rosenfeld. 1975. The prep-
aration of a highly purified antibody and a solid-state 
immunoassay for porcine pancreatic alpha-amylase . Anal . 
Biochem . 65 :175-186. 
115 . Weibel, S.R., F.R. Dixon, R.B. l~eidner, and L.J. McCabe. 1964 . 
\.J'aterhorne disease outbreaks, 1946-60. J. AIDer. Watenvorks 
Association 54:947-958. 
116. He11ings, F.M., A.L . Lewis, and C.W. Mountain. 1976 . Demonstra-
tion of solids-associated viruses in wastewater and sludge. 
Appl. Environ. Microbiol. 31:353-358. 
117. \.[e11ings, F .H., A.L. Lewis, and C.\.J. Mountain. 1973. Virus 
studies in a spreay irrigation proj ect. Institute of Food 
and Ag~icultural Sciences, Second annual Wastewater \.;rork-
shop , University of Florida, Gainesville, May. 
118. \.Jenner, H.A . , G. A. Miller, P. Kamitsuka, and J.e. Wilson. 1954. 
Preparation and standardization of antiserums produced with 
the tnree known types of poliomyelitis viruses . Amer. J . 
Hyg . 59:221-235. 
119. Wide, L. and J. Porath. 1966. Radioimmunoassay of proteins with 
the use of Sephadex-coup1ed antibodies. Biochem. Biophys . 
Acta. 130:257-260. 
120. Hilliams, C.A. and M. W. Chase (eds . ) . 1967. Methods in immunol-
ogy and immunochemistry, Volume I . Academic Press . 
121. World Health Organization. 1971. Drinking Water Standards, ~ffiO. 
Geneva, Switzerland . 
122 . Yalow, R.S . and S.A. Berson. 1960 . Immunoassay of endogenous 
plasma insulin in man. J. Clin. Invest. 39 :1157-1161. 
123 . Young, D.C . and D. C. Sharp. 1979. Partial reactivation of 
chlorine-treated echovirus. Appl. Environm Microbiol. 37: 
766-773 . 
